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ABSTRACT

A worldwide increase in energy demand and a latent crisis in the fossil fuel supply have
spurred broad research in the renewable energy. Currently, most renewable energy
resources (e.g., hydro, wind, solar, tide) face supply challenges as they are known to be
intermittent, unstable, and locally shackled, which calls for urgent development in energy
storage and conversion. Hydrogen is regarded as an ideal energy carrier with its advantages
(e.g., high energy density, environmentally friendliness, and low weight). In practice, the
proton exchange membrane electrolyzer cell (PEMEC) is considered to be one of the
optimal hydrogen production and energy storage devices with its superior compact design,
high efficiency, preeminent hydrogen purity, and great compatibility with PEM fuel cells
(PEMFCs). Although the advantages of PEMECs are apparent, the high cost holds back its
large-scale application. Therefore, increasing cell efficiency, cutting down catalyst
loadings, and simplifying the electrode manufacturing process are effective strategies to
reduce a PEMEC’s cost and boost its commercial application. The main achievements of
this dissertation include: (a) Optimize catalyst deposition method and ionomer ratio for
catalyst-coated membrane (CCM). (b) Develop and compare surface treatment methods
for electrode substrate. (c) Propose Ir CCLGDLs for OER in PEMECs and study CCLGDL
pattern impacts. (d) Fabricate in-situ grown PtNW electrode for HER in PEMECs,
indicating advantages of nano-featured catalyst structures in improving cell performance.
(e) Propose all-in-one bipolar electrode concept for simplifying the fabrication process and
reducing the weight, volume of the cell. (f) Synthesize in-situ grown molybdenum sulfide
v

on carbon fiber paper for HER in PEMECs, indicating the feasibility of low-loading nonprecious metal catalyst. (g) Apply thin LGDL as the GDE substrate in anion exchange
membrane (AEM) electrolyzers successfully, indicating a wider application for all SPE
electrochemical devices with electrode design and fabrication improvement. This research
guides the future electrode design of PEMECs and other energy storage devices. Moreover,
the low-cost and high-efficiency electrode designs contribute to the application and
commercialization of large-scale energy storage and hydrogen production systems.
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CHAPTER ONE
INTRODUCTION AND GENERAL INFORMATION
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1.1 Overview
A worldwide increase in energy demand and a latent crisis in the fossil fuel supply have
spurred broad research in the renewable energy industry. Currently, most renewable energy
resources (e.g., hydro, wind, solar, tide) face supply challenges as they are known to be
intermittent, unstable, and locally shackled, which calls for urgent development in energy
storage and conversion. Answering the call, investigations of potential energy conversion
technologies and candidate carriers have been proceeded. As researched, hydrogen has
been regarded as one of the most potential ideal energy carriers with its advantages in
cleanly and efficiently converting chemical and electrical energy while possessing the high
energy density and long-term storage potential of chemical bonds.1-11 Nevertheless,
hydrogen also serves widely and deeply in multiple industrial fields (e.g., fertilizing, metal
refining, propulsion). As a result, the development of hydrogen production thus raised
enormous attention. At present, hydrogen is mainly produced through steam methane
reforming (SMR) and electrochemical systems. As the electrochemical systems becoming
increasingly valued with the advantages of high-efficiency, clean, flexible, and sustainable,
research in hydrogen production from electrochemical systems are rapidly developed.
Polymer electrolyte membrane water electrolyzers (PEMWEs) have drawn the attention of
researchers with its advantages in high efficiency at high power density, high product gas
quality, low maintenance, reliable operation, and absence of chemical impurities. However,
the high capital cost of water electrolyzers would drawback its commercialization and
large-scale application. In the pursuit of low-cost and high-efficiency water electrolyzers,
modifying the electrode design, simplifying the electrode fabrication process, cutting down
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the catalyst loading, increasing the catalyst utilization rate would be of great importance.
Herein, this dissertation would introduce research regarding the as-mentioned aspects of
electrode development in the following chapters and demonstrating a guidance for future
electrode designs in water electrolyzers for high-efficiency and low-cost hydrogen
production.
1.2 Background
As presented in Figure 1, a water electrolyzer cell with solid polymer electrolyte (SPE)
typically consists of two electrodes. The anode and cathode diffusion layers, anode and
cathode catalyst layers (CLs) together with the membrane in the middle compose the core
of an electrolyzer cell: membrane electrode assembly (MEA). Based on the membrane
materials, two types of SPE electrolyzer cells are commonly investigated: proton exchange
membrane electrolyzer cells (PEMECs) and anion exchange membrane electrolyzer cells
(AEMECs). For a PEMEC, water would be supplied at the anode of the cell during
operation. The water would transport through the diffusion layer and meets the anode CL,
where water moleculars would split into protons, electrons, and forming oxygen
simultaneously with electricity power supply. The electrons would be conducted into the
electric circuit through the diffusion layer and the bipolar plate. The protons would
transport from the anode to the cathode through the PEM. The generated oxygen would
diffuse back into the channels through the diffusion layer. Meanwhile, at the cathode CL,
the protons together with the electrons conducted through the cathode diffusion layer and
cathode bipolar plate would form hydrogen. Notably, the mass transport phenomena in
membrane is complicated, where ion transportation, water molecular electro-osmotic drag
3

Figure 1. Schematic of typical components of a water electrolyzer cell

4

from anode to cathode, water back-diffusion from cathode to anode, cation impurities
transport, gas crossover occur concurrently.12 Water itself serves as the charge carrier
(carries the protons) through the PEM. Hence, the cathode diffusion layer also requires
sufficient liquid permeability even though the cathode is not supplied with water. For
AEMECs, the different type of membrane material means the anion would carry the charge
through the membrane (OH-), which requires alkali solution supply at both cathode and
anode for the cell to function with a low cell voltage. Thus, comparing to PEMEC, the
mass transport in the cathode diffusion layer in AEMEC is more complicated. It is worth
pointing out that the MEA is the core part where electrochemical reactions happen and a
continuous reaction site on the catalyst requires a triple-phase boundary (TPB), where
electron/proton pathways, reactant diffusion to the reaction sites, and gas product leaving
the reaction sites should be met simultaneously. In the pursuit of TPB, diffusion layers,
which serve multifunctional in the cell, should have great liquid/gas permeability, low
electric resistance within, and low contact resistance between other cell components. CL
can be applied either on the diffusion layer to fabricate gas diffusion electrode (GDE) or
on the membrane for the fabrication of catalyst-coated membrane (CCM). Based on where
the CL locates, two common MEA designs are usually adopted in the cell: 1. GDE with
membrane, 2. diffusion layer with CCM.
As discussed in Overview, improving the efficiency, and cutting down the cost of PEMECs
are significant for its commercialization and large-scale application. In order to enhance
the cell efficiency of PEMECs, research mainly focuses on two MEA designs.
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Firstly, some efforts have been focused on optimizing main cell components including
diffusion layers and electrocatalysts especially for oxygen evolution reaction (OER) at
anode. At present, CCM/porous transport layer (PTL) design is most widely employed in
PEMECs.13-14 Hwang et al. modified the conventional Ti felt LGDL with incorporation of
an additional microporous layer made of Ti powders to enlarge the interfacial contact
between LGDL and catalyst layer (CL), thereby leading to cell performance enhancement
to a certain degree.15-16 Ito et al. reported that the cell performance could be enhanced by
utilizing the Ti felt LGDLs with smaller mean pore diameter.17 In recent years, our group
have developed thin titanium LGDLs (TT-LGDLs) with different pore shapes (triangular,
circular and square) and controllable pore sizes and porosities.18-20 We discovered that TTLGDLs can greatly reduce both ohmic and activation losses due to their small thickness of
~ 25 μm and planar surface feature, which resulted in the best cell performance of 1.66 V
at 2 A/cm2 at 80 °C up to date.20-21 Except optimization of LGDLs, researchers have
developed a variety of OER electrocatalysts including IrO2, RuO2, IrxRu1-xO2 and their
composites mixed with other non-precious catalyst supports such as TiO2,22-23 SnO2,24
Nb2O5,25 and Ta2O5.26 The great progress has been made in the research and development
of CCMs to reduce catalyst loadings and to enhance long-term durability.27-28 However,
Mo et al. discovered that a large portion of the catalyst on the membrane is underutilized
in the CCM/PTL design due to the conductivity limit of the ionomer mixed catalyst layer
(CL).29 They demonstrated that gas diffusion electrodes (GDEs) with catalyst deposited on
the electrode rather than the PEM could avoid this issue, showing great potential to reduce
the catalyst loading of PEMECs. So far, the research on GDE mainly consists of three
aspects (catalysts, deposition methods, and PTLs), among which the modifications on the
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catalysts and the deposition methods have been widely studied.30-31 However, reports of
modifications on GDE substrate are rare and the significance of such research is
underestimated. In fact, the morphology design of an electrode would greatly influence its
performance.32 Currently, Ti felt is one of the most widely used PTL materials in the
industry and in the GDE research. However, the thicknesses of Ti felt are normally more
than 300 µm. The catalyst deposited deep inside the PTL would be far away from the
Nafion, and difficult to be utilized in the reaction due to the failure of meeting triple-phase
boundary (TPB) conditions.33-34 Hence, the catalyst could be wasted if deposited on Ti felt
or other PTLs with large depths and complex 3D structures. In this case, a thin material
with a simple porous structure would be ideal for GDE design.
Secondly, some other efforts are focused on the CL design (coating method for CCM and
CL fabrication for GDE). It is well known that the CCM plays a crucial role in determining
the overall cell performance in terms of energy efficiency and durability for practical
applications in H2 production. Nafion ionomers were commonly applied in both anode and
cathode CLs. The main roles of Nafion ionomer in the catalyst layers are as follows: 1)
functions as proton conductors to facilitate proton transport from PEM to the catalyst
surface; 2) acts as the binder to stabilize the catalyst particles on the PEM surface to form
CLs with a porous structure. The low amount of Nafion ionomer could lead to limited
proton transport within the catalyst layers and low catalyst utilization. Nevertheless, if the
amount of Nafion ionomer exceeds a certain limit, the gas transport channels in the catalyst
layers may be blocked and meanwhile the electrical conductivity of catalyst layers
especially for anode with noble metal oxides will be decreased. Therefore, there should be
7

an optimal Nafion ionomer content in CLs for the PEMECs. So far, most of reported
ionomer contents in anode CLs lie in the range of 20 ~40 wt.% depending on the applied
catalysts, and a decal transfer fabrication method is widely reported for CCM fabrication
in the PEMECs.35,36 For instance, Xu et al. reported the optimal Nafion ionomer content
was 25% at Ru0.7Ir

0.3O2

anode fabricated by a decal transfer method,35 but Bernt et al.

reported the 11.6 wt.% of Nafion ionomer at IrO2/TiO2 anode fabricated by the same decal
transfer method, gave the best cell performance in the PEMECs. In addition, the
conventional decal transfer method requires multiple steps and elaborate equipment, as
well as high pressure and elevated temperature, thereby resulting in a high fabrication cost.
On the contrary, one-step direct spray deposition of CLs on Nafion membrane could reduce
the fabrication cost to a great degree by eliminating the hot-press step. However, to our
knowledge, the comparative study of cell performances of CCMs fabricated with decal
transfer and direct spray deposition methods has not been reported, and the optimum
ionomer content in anode CLs has not been ascertained yet, especially for the direct spray
deposition method. Furthermore, only cell performances with limited current densities
(<1.5 A cm−2) or thin Nafion membrane (e.g. Nafion 212, 50 μm in thickness) were
discussed in most of previous publications.35-37 Nevertheless, the application of thin
Nafion membrane inevitably increases the H2 crossover under the high operation pressures,
resulting in a lower Faradaic efficiency and safety issues, which poses new challenges in
practical application of the PEMECs for H2 production. As for GDE CL design, at present,
sputtering and electroplating techniques are widely used for GDE fabrication. These
methods are easy to execute and applicable for a large variety of both cathode and anode
catalyst materials.38-39 However, they suffer from drawbacks when the GDE fabrication
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scales up. Sputtering requires a high-vacuum working environment and its limitation to the
dimensions of the samples hinders its large-scale application. Electroplating usually
demands additional DC power facilities, and the multi-step fabrication process is
complicated and time-consuming. However, wet chemical synthesis is a simple and
controllable approach to fabricate CLs with the flexibility to create a range of
nanostructures which can deliver large electrochemically active surface area (ECSA) along
with a higher catalyst utilization.40 J. Lim et al. stated that a large aspect ratio of the
nanostructures would enhance the performance by improving the electric conductivity,41
suggesting the great potential of nanowire structures. At present, many chemically
synthesized Pt nanostructures have been published for electrocatalyst applications.42-46
Among them, J. Chen et al., introduced a so-called polyol process for single-crystal
nanowires synthesis in an ethylene glycol environment under 110 °C temperature, and this
work inspired many other researchers.47-49 However, these reported platinum
nanostructures are all synthesized in organic solvents at elevated temperatures, some up to
170 °C. For industrial applications, a low-temperature chemical synthesis of
nanostructured catalysts in an aqueous solution would be highly desirable.
Thirdly, replacing the catalysts with non-precious metal-based materials or simplifying the
manufacturing process would be direct strategies in cutting down the cost. In these cases,
a sacrifice in cell performance is always inevitable. Hence, it is always encouraged to
increase the efficiency with low-cost materials and manufacturing mthods. At present, the
benchmarking catalysts for electrocatalytic water electrolysis are platinum and iridiumbased nanostructured materials.50-51 Nevertheless, the practical application of PEMECs
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remains challenging due to the high platinum group metal (PGM) loading (1~3 mg/cm2),
scarcity of supply and costly electrode fabrication.52-56 Therefore, it is highly urgent yet
challenging to develop PGM-free or ultralow PGM-loaded electrocatalysts with
competitive catalytic activity, durability and low cost.57 Currently, layered transition metal
dichalcogenides (TMDCs) have demonstrated a potential substitute for costly Pt as HER
electrocatalysts in water splitting, thanks to its high intrinsic activity of metallic edges
(ΔGH = 0.08 eV) and high abundance.58-61 Unfortunately, its high hydrogen adsorption free
energy within basal-plane and low electronic conductivity lead to overall low catalytic
activities and thus largely prevent their utilization in practice.62-65 Nanostructure and defect
engineering are two commonly used strategies for further maximizing the number of active
reaction sites for HER by creating numerous exposed edges, pinholes and atomic sulfur
vacancies within basal planes of MoS2.66-74 More recently, phase engineering of MoS2 from
semiconducting 2H phase into more catalytically active 1T phase by hydrogen annealing,
argon plasma exposure/etching and electrochemical reaction can greatly enhance the
intrinsic catalytic activities due to the excellent conductivity of metallic 1T phase.75-77
However, most methods reported up to date are of very limited application in practical
water electrolyzers, mainly owing to their manipulation/synthesis complexity, poor
scalability and high ohmic losses in the real cell. Furthermore, due to low intrinsic catalytic
activity and conductivity, very high MoS2 based catalyst loadings (3~6 mg/cm2) are usually
required in water electrolyzers to achieve acceptable cell performances at high current
densities, leading to very limited cost reduction compared to PGM-based catalysts.78-81
Another strategy in cutting down the cost is simplifying the whole manufacturing process.
PEMECs have proton exchange membranes (usually Nafion®) for proton transport, catalyst
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layers (CLs) or electrodes for water splitting reactions, liquid/gas diffusion layers (LGDLs)
for transporting electron and mass, bipolar plates (BPPs) for delivering electron and mass
to LGDLs, gaskets for sealing, and current distributors for conduct electricity at both anode
and cathode sides.82-84 Considering the hundreds or thousands of cells in industrial PEMEC
stacks, the high part number in PEMECs significantly increases the cost of assembly
procedure and maintenance.85-86 The LGDLs are mainly made of titanium fibers and carbon
fibers, but the random pore shape and pore size of the felt-based LGDLs cannot efficiently
transport electrons/mass/heat and provide sufficient contact with electrodes, leading to
extra ohmic/activation/mass transport resistances and overpotentials.84, 87-89 Moreover, the
manufacturing process of carbon fiber paper has 9 steps at least, including polymerization,
spinning, sizing, dispersion, papermaking, bonding, impregnation, curing, and
carbonization.90 BPPs are commonly made of graphite and Ti for better corrosion
resistance.91-93 A typical manufacturing process of metal BPP has 5 steps at least, including
roll-cladding, annealing, stamping, punching, and extra coating, which greatly increases
the cost and fabrication time of BPP. It was reported that the BPP and LGDL combined
account for between 70% and 60% of the PEMEC stack cost, and the membrane and
catalyst account for 20% of the PEMEC stack cost, which is due to their high
labor/tooling/machining/material cost.94-95 It should be mentioned that BPPs make up to
60% of the PEMEC weight , making it the heaviest part.96 In addition, the Ti-material BPPs
or LGDLs have oxidation occurring on the surface to form semi-conductive metal oxide,
which leads to a high interfacial contact resistance (ICR).92, 97-98 Thus, reducing ICR in
PEMECs stack remains a challenge.99 In response, surface modification with precious
metals coating and structural optimization were conducted to overcome the challenges.84,
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100

But precious metal surface coatings lead to higher price of PEMEC components, and

optimizing flow-field configuration and pore structure of LGDL has its bottleneck on
eliminating ICR.84
1.3 Objectives
The aim of this research is to develop electrodes in water electrolyzer cells for low-cost
and high-efficiency hydrogen production. The main objectives include: (a) Investigating
optimum catalyst deposition method for catalyst-coated membrane and the optimum
ionomer content ratio at anode. (b) Characterizing and comparing surface treatment
methods for electrode substrate. (c) Investigating electrode pattern impacts on catalyst
activation and utilization. (d) Developing nanostructured platinum catalyst with green
synthesis method for low-loading high-efficiency water electrolyzer cathode. (e)
Developing all-in-one bipolar electrode for fabrication simplification. (f) Developing insitu grown non-precious metal-based catalyst with low-loading and high catalytic activity.
(g) Extending thin GDE design in anion exchange membrane electrolyzer cells.
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CHAPTER TWO
OPTIMIZATION OF CATALYST-COATED MEMBRANE FOR
ENHANCED CELL PERFORMANCE IN PROTON EXCHANGE
MEMBRANE ELECTROLYZER CELLS

13

A version of this chapter was originally published as:
Xie, Z.†; Yu, S.†; Yang, G.; Li, K.; Ding, L.; Wang, W.; Zhang, F.-Y., Optimization of
catalyst-coated membranes for enhancing performance in proton exchange membrane
electrolyzer cells. International Journal of Hydrogen Energy 2021, 46 (1), 1155-1162.
† These authors contributed equally to this work.
CRediT authorship contribution statement
Z.X.: Conceptualization, Methodology (CCM fabrication, cell test, SEM characterization),
Data curation, Investigation, Validation, Writing – original draft, Writing – review &
editing, Investigation. S.Y.: Conceptualization, Methodology (CCM fabrication, cell test,
SEM characterization), Data curation, Investigation, Validation, Writing – original draft,
Writing – review & editing. G.Y.: Writing – review & editing. K.L.: Writing – review &
editing. L.D.: Writing – review & editing. W.W.: Writing – review & editing. F.-Y.Z.:
Supervision, Validation, Writing - review & editing

I am fully responsible for the work submitted in the publication.

14

2.1 Abstract
To achieve large-scale application of proton exchange membrane electrolyzer cells
(PEMECs) for hydrogen production, it is highly desirable to reduce the manufacturing cost
and meanwhile enhance cell performance. Catalyst-coated membrane (CCM) is the vital
component where electrochemical reactions and mass transport mainly occur. The
fabrication methods and catalyst layer (CL) structure can significantly affect the cell
performance of the PEMECs. Herein, for the first time, a comparative study of CCM
fabrications with decal transfer and direct spray deposition methods have been conducted
by ex-situ materials characterization and in-situ performance testing in PEMECs. It is
found CCM fabricated with a direct spray deposition method displays significantly
enhanced cell performance compared to CCM fabricated with a decal transfer method,
mainly due to the largely reduced ohmic resistance and improved mass transport. More
importantly, the cell performance can be greatly improved by simply regulating the Nafion
ionomer content at the anode CL. The optimal Nafion ionomer content of 10 wt.% gives
the best cell performance at 80 oC with a low cell voltage of 1.887 V at 2 A cm−2,
outperforming the commercial CCM and most of other previous publications. Our work
provides a valuable guidance for fabrication and optimization of CCMs with significantly
enhanced performance and reduced cost for practical application of the PEMECs.
2.2 Introduction
Nowadays, with the ever-increasing energy consumption from dominant fossil fuels, the
associated environmental pollution and global warming issues have driven more and more
researchers to develop “clean” and renewable energy sources.30, 51, 101-103 Hydrogen (H2) is
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becoming one promising alternative energy source for future energy transition, owing to
its high specific energy and environmental benignity.102, 104-109 Water electrolysis has been
demonstrated to be a carbon-free technology to produce H2 when integrated with
sustainable energy sources.52 Among a variety of water electrolysis strategies, conventional
alkaline water electrolysis has been commercialized to produce H2. Nevertheless, the
limited current density, low energy efficiency and low operating pressure severely hinder
its widespread applications.91,

110-113

In recent years, proton exchange membrane

electrolyzer cells (PEMECs) have attracted a great deal of attention owing to many
advantages such as high-purity H2 production, rapid system response, wide current density
operation range and compact design.114-118 However, it still remains challenging to make
PEMECs cost-competitive with other conventional energy technologies, owing to the high
manufacturing cost and limited cell efficiency for practical applications.
To further enhance the cell efficiency of PEMECs, many research efforts have been
focused on optimization of main cell components including liquid/gas diffusion layer
(LGDLs) and electrocatalysts especially for oxygen evolution reaction (OER) at anode.
For example, Hwang et al. modified the conventional Ti felt LGDL with incorporation of
an additional microporous layer made of Ti powders to enlarge the interfacial contact
between LGDL and catalyst layer (CL), thereby leading to cell performance enhancement
to a certain degree.15-16 Ito et al. reported that the cell performance could be enhanced by
utilizing the Ti felt LGDLs with smaller mean pore diameter.17 In recent years, our group
have developed thin titanium LGDLs (TT-LGDLs) with different pore shapes (triangular,
circular and square) and controllable pore sizes and porosities.18-20 We discovered that TT16

LGDLs can greatly reduce both ohmic and activation losses due to their small thickness of
~ 25 μm and planar surface feature, which resulted in the best cell performance of 1.66 V
at 2 A/cm2 at 80 °C up to date.20-21 Except optimization of LGDLs, researchers have
developed a variety of OER electrocatalysts including IrO2, RuO2, IrxRu1-xO2 and their
composites mixed with other non-precious catalyst supports such as TiO2,22-23 SnO2,24
Nb2O5,25 and Ta2O5.26
Up to date, there has been limited effort on optimization of catalyst-coated membrane
(CCM) for achieving high-efficiency PEMECs. It is well known that the CCM plays a
crucial role in determining the overall cell performance in terms of energy efficiency and
durability for practical applications in H2 production. Nafion ionomers were commonly
applied in both anode and cathode CLs. The main roles of Nafion ionomer in the catalyst
layers are as follows: 1) functions as proton conductors to facilitate proton transport from
PEM to the catalyst surface; 2) acts as the binder to stabilize the catalyst particles on the
PEM surface to form CLs with a porous structure. The low amount of Nafion ionomer
could lead to limited proton transport within the catalyst layers and low catalyst utilization.
Nevertheless, if the amount of Nafion ionomer exceeds a certain limit, the gas transport
channels in the catalyst layers may be blocked and meanwhile the electrical conductivity
of catalyst layers especially for anode with noble metal oxides will be decreased. Therefore,
there should be an optimal Nafion ionomer content in CLs for the PEMECs. So far, most
of reported ionomer contents in anode CLs lie in the range of 20 ~40 wt.% depending on
the applied catalysts, and a decal transfer fabrication method is widely reported for CCM
fabrication in the PEMECs.35,36 For instance, Xu et al. reported the optimal Nafion ionomer
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content was 25% at Ru0.7Ir 0.3O2 anode fabricated by a decal transfer method,35 but Bernt
et al. reported the 11.6 wt.% of Nafion ionomer at IrO2/TiO2 anode fabricated by the same
decal transfer method, gave the best cell performance in the PEMECs. In addition, the
conventional decal transfer method requires multiple steps and elaborate equipment, as
well as high pressure and elevated temperature, thereby resulting in a high fabrication cost.
On the contrary, one-step direct spray deposition of CLs on Nafion membrane could reduce
the fabrication cost to a great degree by eliminating the hot-press step. However, to our
knowledge, the comparative study of cell performances of CCMs fabricated with decal
transfer and direct spray deposition methods has not been reported, and the optimum
ionomer content in anode CLs has not been ascertained yet, especially for the direct spray
deposition method. Furthermore, only cell performances with limited current densities
(<1.5 A cm−2) or thin Nafion membrane (e.g. Nafion 212, 50 μm in thickness) were
discussed in most of previous publications.35-37 Nevertheless, the application of thin
Nafion membrane inevitably increases the H2 crossover under the high operation pressures,
resulting in a lower Faradaic efficiency and safety issues, which poses new challenges in
practical application of the PEMECs for H2 production.
In this paper, we did a comparative study of CCM fabrications with decal transfer and
direct spray deposition methods in terms of CL structure/morphology and cell
performances of the PEMECs. Moreover, we studied the influence of Nafion ionomer
content in anode CLs on cell performance with a ~125 μm thick Nafion membrane (Nafion
115) as the PEM. As a result, the cell performances of lab-made CCMs have been
significantly improved by simply optimizing the ionomer content. The obtained best
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performance is 1.887 V at 2 A cm−2 at the typical working temperature of 80 °C under
ambient pressure by using ionomer content of 10 wt.% in the anode CL. The respective
contributions from ohmic loss, activation loss and mass transport loss to the overall cell
voltage were discussed as well.
2.3 Experimental Section
2.3.1 Materials characterization
The surface morphology of lab-made CCMs and applied anode and cathode LGDLs were
characterized by a field emission SEM JEOL JSM-6320F. The chemical compositions of
anode and cathode CLs on the CCMs were characterized by SEM-EDS mapping technique
on the SEM equipped with energy-dispersive X-ray spectroscopy (EDS) Octane plus
Silicon Drift Detector.
2.3.2 CCM fabrication
Prior to lab-made CCM fabrication, all the Nafion 115 membranes (~125 μm in thickness)
were successively cleaned by using 5 wt. % H2O2, 0.5 M H2SO4 solution and deionized
water for 30 min at 80 oC in each step. Afterwards, the catalyst inks for Pt black (Fuel Cell
Store) as cathode CL (3 mg cm−2) and IrO2 (Fuel Cell Store) as anode CL (3 mg cm−2) were
prepared by mixing commercial catalyst nanoparticles with a certain amount of Nafion
ionomer content. For decal transfer method, the prepared catalyst ink was homogeneously
sprayed onto the PTFE film, followed by a hot-press transfer of CLs onto precleaned
Nafion 115 membrane under 2 tons for 90 s at 135 oC. The CCM fabricated with a decal
transfer method is denoted as DecalCCM hereinafter. The CCM can also be fabricated via
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a spray deposition of catalyst ink on the Nafion 115. The CCM fabricated with a direct
spray deposition method is denoted as SprayCCM hereinafter. The SprayCCMs with 5
wt.%, 10 wt.% and 20 wt.% Nafion ionomers in anode CLs were denoted as
SprayCCM_5%Nafion,

SprayCCM_10%Nafion

and

SprayCCM_20%Nafion,

respectively. The Nafion ionomer content was controlled to be 20 wt.% at cathode CLs for
both DecalCCMs and SprayCCMs. The lab-made mask enables the well control of active
area for a SprayCCM. In our case, the active area of both DecalCCM and SprayCCM were
controlled to be 5 cm2 for in-situ cell testing in the PEMECs.
2.3.3 In-situ cell performance evaluation of the PEMEC
All the in-situ cell tests were performed in a PEM electrolyzer cell with 5 cm2 active area.
The operation conditions include 80 °C and atmosphere pressure at both anode and
cathode, and water flow rate of 20 ml min−1 at anode side. The Potentiostat VSP/VMP3B100 (Bio-Logic) was used to record the polarization curves. The electrochemical
impedance spectroscopy (EIS) plots were obtained from 100 KHz to 50 mHz under a
current density of 1 A cm−2. High-frequency resistance curves were recorded under 3 kHz
from 0 to 2 A cm−2. For all lab-made CCMs, IrO2 with the loading of 3.0 mg cm−2 at the
anode, Pt black with the loading of 3.0 mg cm−2 at the cathode and ~125 µm thick Nafion
115 were used in the PEMEC testing.
2.4 Results and Discussions
The DecalCCMs with 3 mg cm−2 IrO2 as anode CL, 3 mg cm−2 Pt black as cathode CL and
20 wt.% Nafion ionomers at both electrodes were fabricated. To study the structure and
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morphology of CLs on DecalCCMs, SEM characterizations were performed. Figure 2a
and b show the top-view SEM images of IrO2 catalyst layer at anode. It is clearly seen that
numerous IrO2 nanoparticles were relatively uniformly distributed within the CL and well
coated with Nafion binder. It was also noted that several large Nafion particles were present
in the sample, possibly attributed to the melting of excess Nafion binder during hot pressing
process. On the contrary, as displayed in Figure 2c and d, Pt black catalyst layer at cathode
was mainly composed of agglomerated Pt particles with Nafion binder coating. The gaps
between agglomerated Pt particles were also filled with Nafion ionomer.
Figure 3a and b show the relatively uniform distribution of Ir and F elements within the
anode CL, suggesting that the IrO2 catalyst nanoparticles and Nafion binder were well
mixed. The corresponding EDS spectrum in Figure 3c also confirms the co-existence of
Ir, F, C and O elements at anode CL. As presented in Figure 3d and e, Pt and F elements
were uniformly distributed within the cathode CL. Figure 3f verifies that Pt, F and C are
three main elements at cathode CL.
To compare with DecalCCMs, SprayCCMs with 3 mg cm−2 IrO2 as anode CL, 3 mg cm−2
Pt black as cathode CL and 20 wt.% Nafion at both electrodes were fabricated via a direct
spray deposition method. As observed from SEM images in Figure 4a and b, the anode
CL was mainly composed of randomly distributed small agglomerates, and the IrO2
particles were well mixed with Nafion binders. On the contrary, the cathode CL displays
large particle agglomerates with a particle size of 2~5 µm, forming a porous structure, as
shown in Figure 4c and 3d. By comparison with DecalCCMs, SprayCCMs displayed a
more uniform dispersion of catalyst particles within the Nafion binder, and the porous
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Figure 2. SEM images of a lab-made DecalCCM. (a, b) IrO2 catalyst layer at anode
and (c, d) Pt black catalyst layer at cathode. The 20 wt.% Nafion binder was applied
at both anode and cathode.
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Figure 3. Energy dispersive spectroscopy (EDS) characterizations of the DecalCCM.
(a, b) elemental mapping images of Ir and F at anode catalyst layer and (c) the
corresponding EDS spectrum. (d, e) elemental mapping images of Pt and F at cathode
catalyst layer and (f) the corresponding EDS spectrum.
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Figure 4. SEM images of a lab-made SprayCCM. (a, b) IrO2 catalyst layer at anode
and (c, d) Pt black catalyst layer at cathode. The 20 wt.% Nafion binder was applied
at both anode and cathode.
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structure of CLs is expected to facilitate the gas transport within the CL for cell
performance enhancement in a PEMEC compared with DecalCCMs.
Figure 5 shows the top-view SEM images of conventional Ti felt and carbon fiber paper
as state-of-the-art liquid/gas diffusion layers (LGDLs). The SEM images in Figure 5a and
b show that Ti felt and carbon fiber paper are composed of entangled individual Ti fibers
(10~20 µm in diameter) and carbon fibers (~10 µm in diameter), forming random pore
shapes and pore sizes. The thicknesses of conventional Ti felt and carbon fiber paper are
350 and 280 µm, respectively. Their calculated porosities are about 0.78. In this paper, we
applied Ti felt anode LGDL and carbon fiber paper cathode LGDL to evaluate the in-situ
cell performances of all lab-made CCMs in a standard PEMEC with 5 cm2 active area.
To identify which CCM fabrication method gives better cell performance, the in-situ cell
testing of DecalCCM_20%Nafion and SprayCCM_20%Nafion at 80 ℃ were conducted
under the same cell testing conditions. As shown in Figure 6a, DecalCCM_20%Nafion
shows a much lower cell voltage in the current density range of 0 ~ 1.5 A cm−2, suggesting
that

the

activation

loss

is

smaller

than

SprayCCM_20%Nafion.

However,

SprayCCM_20%Nafion provides a better cell performance from 1.5 to 2 A cm−2. At 2 A
cm−2, the cell voltage of SprayCCM_20%Nafion is 1.984 V, which is 38 mV lower than
that of DecalCCM_20%Nafion (2.022 V). To better understand the effects of CCM
fabrication methods on cell performances, the HFR and EIS characterizations were carried
out. The corresponding HFR results are shown in Figure 6b. It is clearly seen that
DecalCCM_20%Nafion and SprayCCM_20%Nafion show very stable HFR curves,
indicating that the HFR values remain almost unchanged under from 0 to 2 A cm−2. By
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Figure 5. Top-view SEM images of (a) commercial Ti felt as anode LGDL and (b)
carbon fiber paper (CFP) as cathode LGDL in a standard PEMEC.
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Figure 6. In-situ cell performance comparison between DecalCCM_20%Nafion and
SprayCCM_20%Nafion. (a) Polarization curves, (b) high-frequency resistance
(HFR) curves from 0 to 2 A cm−2.
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comparison, it is found that the SprayCCM_20%Nafion displays a significantly smaller
HFR value of 0.150 Ohm·cm2 than that of DecalCCM_20%Nafion (0.204 Ohm·cm2).
Considering the same composition of CLs and same testing conditions, such large HFR
difference is probably caused by the fact that porous CLs on SprayCCM_20%Nafion
provides a better interfacial contact between CLs and LGDLs.
The EIS analysis was carried out to obtain more insights into the respective contributions
from ohmic, activation and mass transport losses to the cell voltages of DecalCCM and
SprayCCM. The EIS plots of CCMs fabricated with different methods were recorded under
1 A cm−2, as shown in Figure 7. The left intercept of an EIS plot represents the ohmic
resistance, which is usually considered the total ohmic resistance in the PEMEC. The
corresponding ohmic resistances of DecalCCM_20%Nafion and SprayCCM_20%Nafion
are 0.203 and 0.150 Ohm·cm2, respectively. These results are well consistent with the
above HFR results in Figure 6b. The ohmic loss from SprayCCM_20%Nafion is
apparently much smaller than that of DecalCCM_20%Nafion. Furthermore, it is found that
DecalCCM_20%Nafion displays a second semi-arc, which indicates a large mass transport
loss in the cell. On the contrary, the SprayCCM_20%Nafion only shows one semi-arch,
demonstrating a negligible mass transport loss. However, SprayCCM_20%Nafion shows
a slightly higher activation loss than that of DecalCCM_20%Nafion. Therefore, for
SprayCCM_20%Nafion, the activation loss from CLs is more pronounced than ohmic and
mass transport losses, leading to higher voltages than DecalCCM_20%Nafion from 0 to
1.5 A cm−2. When the current density increases from 1.5 to 2 A cm−2, the larger ohmic and

28

Figure 7. Electrochemical impedance spectroscopy (EIS) plots of DecalCCM and
SprayCCM, recorded at 1 A cm−2.
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mass transport losses of DecalCCM_20%Nafion contribute more to cell voltages than
activation loss, resulting in higher cell voltages than SprayCCM_20%Nafion. Considering
the practical application of the PEMECs under higher current densities, we believe that
SprayCCM would be more advantageous than DecalCCM because of its smaller ohmic
and mass transport losses.
To further optimize the cell performance of SprayCCMs, we regulated the Nafion ionomer
content in anode CLs and studied the effects of ionomer content on cell performances. The
performance results of three SprayCCMs with different Nafion content (5 wt.%, 10 wt.%,
20 wt.%) at anode are shown in Figure 8. At cathode, three SprayCCMs adopt the same
Nafion content, 20 wt.%. As displayed in Figure 8a, the cell voltages of SprayCCMs with
5 wt.%, 10 wt.%, and 20 wt.% Nafion are 1.933 V, 1.887 V, and 1.984 V, respectively. To
investigate the origin of such significant cell performance difference, ohmic, activation and
mass transport losses were analyzed via HFR and EIS characterizations. In Figure 8b, the
HFR values of SprayCCM_5%Nafion, SprayCCM_10%Nafion, SprayCCM_20%Nafion
are 0.137, 0.125, and 0.150 Ohm·cm2, respectively. All three SprayCCMs show very stable
HFR curves in the current density range of 0 ~ 2 A cm−2. The above HFR results indicate
that SprayCCM_10%Nafion gives the smallest ohmic resistances among three SprayCCMs
because of the good balance of proton conductivity and electrical conductivity in anode
CLs.
As displayed in Figure 9, the EIS results of three SprayCCMs with different Nafion content
at anode are compared. All three SprayCCM plots show only one semi-arch, indicating
negligible mass transport losses. The ohmic resistances of SprayCCM_5%Nafion,
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Figure 8. Optimization of SprayCCM via varying the Nafion content at anode. (a)
Polarization curves, (b) high-frequency resistance (HFR) curves from 0 to 2 A cm−2.
Note: 20 wt.% Nafion binder was applied at cathode for all lab-made CCMs.

Figure 9. Electrochemical impedance spectroscopy (EIS) plots of SprayCCMs with
different Nafion content at anode, recorded at 1 A cm−2.
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SprayCCM_10%Nafion, SprayCCM_20%Nafion are 0.138, 0.122, and 0.150 Ohm·cm2,
respectively. The Nafion content impact to activation impedance is limited, because
allthree SprayCCMs have their cathode fabricated the same way. For 5% and 10% Nafion
content, the curves share similar semi-circle diameter indicating similar activation loss.
SprayCCM_20%Nafion has a relatively smaller activation impedance then the other two,
but the difference is not comparable to that of ohmic resistance. Thus, the ohmic loss is the
dominant factor in determining the cell performances of SprayCCMs with different Nafion
content at anode in our case.
2.5 Conclusions
In summary, two conventional CCM fabrication methods (decal transfer and direct spray
deposition) have been systematically compared by ex-situ materials characterization and
in-situ performance evaluation in the PEMECs. The SprayCCM exhibits better cell
performance from 1.5 to 2 A cm−2 than DecalCCM, due to the significantly reduced ohmic
resistance and enhanced mass transport. Importantly, the effects of ionomer content in
anode CLs on cell performance with SprayCCMs have been well studied. It is found that
the cell performances of SprayCCMs can be significantly improved by simply optimizing
the Nafion ionomer content in anode CLs. The obtained best performance is 1.887 V at 2
A cm−2 at the typical working temperature of 80 °C under ambient pressure by using
optimal ionomer content of 10 wt.% in the anode CL, outperforming the cell performances
of a commercial CCM and other previous reports. This work provides the insights into the
optimization of CCM fabrication method and catalyst/ionomer ratio in anode CLs for cell
performance enhancement of the PEMECs.
32

CHAPTER THREE
MORPHOLOGY ENGINEERING OF IRIDIUM ELECTRODES VIA
MODIFYING TITANIUM SUBSTRATES WITH CONTROLLABLE
PILLAR STRUCTURES FOR HIGHLY EFFICIENT OXYGEN
EVOLUTION REACTION
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3.1 Abstract
Nowadays, Ti is the well-chosen anode substrate material for proton exchange membrane
electrolyzer cells (PEMECs) and modifications of the substrate surfaces are essential for
the fabrication of highly efficient electrodes. Herein, we introduce the morphology
engineering of Ir/Ti electrodes with different acid treatments of hydrochloric acid (HCl)
and oxalic acid (OA), and the comparative benefits of these two acid treatment methods
are studied from the aspects of their impacts on the morphology, interfacial contact
resistance (ICR), and oxygen evolution reaction (OER) performances of resultant
electrodes. Notably, compared to the flat surface from OA treatment, Ti substrates with the
pillar structure could be successfully achieved via HCl etching. The HCl and the oxalic
acid (OA) treatments would reduce the interfacial contact resistance (ICR) to 15.2% and
5.5% of the pristine Ti substrate at 1.38 MPa, respectively. By iridium electrodeposition
on Ti substrates, Ir/Ti electrodes with different catalyst loadings are fabricated. With
similar low-loadings of about 0.05 mgIr cm−2, an Ir/Ti electrode with HCl treated substrate
exhibits a lower overpotential of ~283 mV at 10 mA cm−2 current density than 305 mV
from OA treatment, due to the boosted reaction areas from HCl treatment.
3.2 Introduction
With ever-growing demands for green technologies to solve the impending global energy
crisis and environmental issues, the proton exchange membrane electrolyzer cells
(PEMECs) have been developed to produce high-purity hydrogen as a clean fuel at low
temperature and demonstrate higher current densities and energy efficiencies compared to
traditional alkaline electrolysis.1-11, 119 For a PEMEC, the electrodes are critical for its
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performance, especially the anode for oxygen evolution reaction (OER). Owing to the
acidic environment and high positive anode potentials, iridium-based (Ir or IrO2) or
iridium-ruthenium oxides (IrRuOx) are the state-of-the-art options for the OER
electrocatalysts in PEMECs with their high intrinsic catalytic activities and relatively good
stability in acidic medium,120-131 and Ti is the commonly chosen material for the substrate
of the electrode or the current collector.132-133 The high cost and scarcity of the noble metals
or oxides severely impede the practical applications of PEMECs in large-scale production.
Therefore, it is urgent to reduce or even fully replace noble metals with abundant materials
as OER electrocatalysts. Over the past years, extensive research efforts have been made to
developing non-precious catalyst materials for OER applications, such as transition metal
oxides, alloys, hydroxides, sulfides, phosphides and nitrides.57, 134-136 Unfortunately, all of
the above-mentioned non-precious catalysts present much larger overpotentials and poor
stability in an acidic environment under high positive anode potentials, and thus cannot be
applicable to large-scale hydrogen production at large current densities in practice.
Consequently, catalysts based on noble metals are still the optimal choices, and it is more
crucial to develop strategies to efficiently reduce noble metal loadings in the OER
electrodes and meanwhile maintain high catalytic activity and electrochemical stability in
acidic medium during long-term operation for industrial applications of PEMECs. At
present, catalyst-coated membrane (CCM) is one of the widely adopted membrane
electrode assembly (MEA) designs. However, based on our previous research, a large
portion of the catalyst is underutilized with the CCM design,20-21 due to the low
conductivity of the catalyst layer (CL),18 and gas diffusion electrode (GDE) should provide
a better catalyst utilization.132, 137
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In the pursuit of highly efficient electrodes, the deposition of Ir or IrO2 nanoparticles or
nanofilms onto nanostructured substrates is emerging as a potential strategy to enhance the
sluggish kinetics of acidic OER with minimized noble metal loadings by enlarging the
electrochemically active surface areas and accessible reaction sites. Owing to the acidic
and oxidizing environment, the suitable substrates with high conductivity, great corrosion
resistance and large surface area are very limited. By now, nanostructured TiO2 substrates
have been studied as catalyst support for IrOx nanoparticles or nanofilms for acidic OER
application. Shi et al. fabricated IrO2 on self-doped TiO2 nanotube arrays for acidic OERs
via an electrodeposition method, showing a high overpotential of over 400 mV at 10 mA
cm−2 and a large current loss of 88% after only one-hour chronopotentiometry stability
testing under a small current density of 5 mA cm−2, and the high overpotential and poor
stability also occurred in similar work.138-139 Such high overpotentials and poor stabilities
are mainly ascribed to the low electronic conductivity of TiO2 substrates and the poor
interfacial stability between IrO2 nanoparticles and TiO2 nanotube arrays. To avoid the
disadvantages of the conductivity issue caused by TiO2, direct acid treatment methods are
favorable for providing a pure Ti surface and engineered structures at the same time, so
that a surface with good conductivity and large specific area can be achieved. Zareidoost
et al. reported a method of treating with a mixture of HCl, HF and H3PO4 with different
ratio in concentration and got a engineered surface with valleys.140. Geringer et al. reported
a treatment with 80% of HCl, 20% of H2SO4 at 50 °C for 60 min and the engineered surface
was composed of connected damps.141 These two excavated structure features are the most
reported for the acid treatment of Ti substrates. To serve as the anode substrate in PEMECs,
we desire extruded structure features, which would favor the triple-phase boundary
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conditions for the OER by simultaneously providing sufficient contact with the solid
electrolyte and the gas pathways. Moreover, in the assembly of a PEMEC, the Ti electrode
is sandwiched between a bipolar plate and the membrane. Hence, a low interfacial contact
resistance (ICR) would also be critical for improving the electrode performance.142-143
In this study, two acid treatments were introduced for engineering the surface of Ti
substrates. Oxalic acid (OA) treatment would provide a generally flat surface, while pillar
structures would generate and evolve during the HCl treatment. Interfacial contact
resistances (ICRs) were measured for identifying the conductivity of the surfaces from
different treatments. Comparing to the pristine surface. HCl and OA treatment methods
exhibited merely 15.2% and 5.5% of the original ICR, respectively. Moreover, we
fabricated nanostructured Ir/Ti electrodes with ultra-low Ir loadings by electrodepositing
Ir on the surface treated Ti substrates. When evaluated as OER electrodes, the obtained
nanostructured Ir/Ti electrode from a HCl treated substrate with an ultra-low Ir loading of
0.05 mgIr cm−2 demonstrated a low overpotential of ~283 mV at 10 mA cm−2, and with the
HCl treated substrate, a low overpotential of ~264 mV could be achieved with an increased
loading of 0.23 mgIr cm−2. Such remarkable OER catalytic activity is ascribed to the
significantly improved reaction area.
3.3 Experimental
3.3.1 Surface treatment of Ti substrates
Hydrochloric acid treatment: The treatment procedure of 37% w/w hydrochloric acid
aqueous solution (BDH HCl 36.5 - 38%) is described as follows. HCl solution was sealed
in a beaker and water bathed to 54 ℃. Cropped Ti foil pieces were first cleaned through
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acetone, methanol, and DI water sonication (10 mins per step). Then, cleaned Ti foils were
put in the acid solution and sealed in the water bathed beaker. The treatment was executed
in a functioning fume hood for different etching times (8 min, 15 min, 20 min, 30 min).
After etching, the surface-treated samples were carefully cleaned by washing in DI water
and ethanol, followed by drying in air at room temperature. The average etching rate is
approximately 200 nm min−1 by measuring the weight difference before and after the
surface treatment.
Oxalic acid treatment: The surface treatment procedure of Ti foils (Grade 2 Ti, 25-umthick) with oxalic acid (OA) is described as follows. Cropped Ti foil pieces (~2.5 cm ×
~2.5 cm) were firstly cleaned by sonication with acetone, DI water, and ethanol,
respectively (10 mins per step). OA (C2H2O4·2H2O, crystalline 99.5% ~ 102.5%, Alfa
Aesar) was dissolved in DI water to prepare the 0.1 N OA aqueous solution for surface
treatment. The OA solution was first heated to 90 °C with a water bath. Then, Ti foil pieces
were soaked in the solution and treated under 90 °C for different etching times (5 min, 10
min, 20 min, and 30 min). Afterward, the surface-treated samples were carefully cleaned
with DI water to remove the excess acid, followed by drying in air at room temperature.
The average etching rate is approximately 50 nm min−1 by measuring the weight difference
before and after the surface treatment and calculating based on pure Ti density.
3.3.2 Compression pressure and ICR measurement
The interfacial resistance measurement was introduced in previous publications.144-145 The
ICR measurement system is illustrated in Figure 16 (in appendix 3.6). Two end plates were
used to sandwich the testing components. The surface-treated Ti foil for the ICR
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measurement together with a Teflon gasket would be compressed by two sets at different
pressures: (1) two copper plates, and (2) one graphite plate and one copper plate. A microohmmeter (AEMC 6250) was used to measure the resistance. Two copper plates were
polished to mirror surfaces with sandpapers with different grades (400, 800, 1200/4000,
cloth). The Teflon gasket had an open area in the middle and was slightly larger than the
Cu and bipolar plates in dimension.
3.3.3 Electrodepositing of Ir thin layers on Ti substrates
For the fabrication of Ir deposited electrodes, the surface-treated Ti foils were
electrodeposited with a commercial Ir electrodepositing solution (Iridex-300, Tanaka
Holdings Co., Ltd.). The electrodepositing current density was set at 50 mA cm−2 (per
geometric area). Considering the specific area would be larger than the geometric area after
the treatment, the current was set higher than the instructed value. The electrodepositing
temperature was set at 85 °C. For each treatment method, three different electrodepositing
durations were executed (0.5 min, 1 min, and 2 min). The obtained electrodes with HCl
and OA treated substrates were denoted as A1, A2, A3, and B1, B2, B3, respectively.
3.3.4 Materials characterizations
The morphologies of Ti substrates and samples after Ir deposition were characterized by a
field emission SEM JEOL JSM-6320F. The SEM energy dispersive X-ray spectroscope
(EDS) was used to analyze the elemental composition and distribution of the as-prepared
OER electrodes.
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3.3.5 Electrochemical characterizations
The electrochemical tests of the as-prepared electrodes were conducted with a conventional
three-electrode system at room temperature with 0.5 M H2SO4(aq). A Pt foil was used as the
counter electrode and a saturated calomel electrode (SCE) was used as the reference
electrode. A potentiostat (SP300, Bio-Logic) was used to record various electrochemical
properties of the electrodes. Prior to electrochemical testing, at least five cyclic
voltammetry cycles with a scan rate of 50 mV s−1 were conducted to stabilize each
electrode. Afterward, the OER performance was evaluated with linear sweep voltammetry
(LSV) under a scan rate of 5 mV s−1. Galvano electrochemical impedance spectroscopy
(GEIS) measurement was conducted at the current density of 10 mA cm−2. The frequency
range is from 100 kHz to 100 mHz. Cyclic voltammetry (CV) measurements in a nonFaradaic region with various scan rates ranging from 5 to 100 mV s−1 were performed to
evaluate the double layer capacitance (Cdl) of the electrodes.
3.3.6 Visualization characterization
A high-speed/microscale visualization system was set up for the observation of bubble
generation, growth, and detachment on the electrode surfaces. The visualization system has
been reported in our previous works.146-149 The recording fps is set4500 in this work.
3.4 Results and Discussion
3.4.1 Surface morphology comparison of surface-treated titanium substrates
The surface morphologies of HCl treated Ti foils are shown in Figure 10. Without acid
treatment, a Ti foil displays a typical smooth surface with some manufacturing defects such
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as cracks and pits (Figure 10a). With 8-min HCl treatment, pillars with irregular shapes
were formed on the Ti surface (Figure 10b). As the treatment duration increased to 15 min,
denser and longer pillars were evolved (Figure 10c). However, when 20-min treatment
was applied, the as-formed pillars were distributed sparsely and much shorter than the Ti
surface with 15-min HCl treatment, since HCl started to attack and etch off the developed
pillars (Figure 10d). Finally, as the etching proceeded longer to 30 min, an even sparser
distribution of the pillars would appear (Figure 10e). As shown in Figure 10f, the etching
rate of HCl treatment differs locally over the substrate; thus, the pillars would occur. The
calculated average etching rate of HCl treatment is about 200 nm min−1 based on the weight
loss and the wetting area of the sample. By achieving a surface with large specific area, 15min HCl treatment is considered providing the optimum pillar-structured surface (Figure
10f). The HCl treatment was also conducted at a lower temperature of 44 °C for 20 min for
comparison. As shown in Figure 17, the treatment would not provide any pillar structures,
which indicates temperature is critical to the treatment. Figure 11 shows the SEM images
the oxalic acid (OA) treated Ti substrates. Comparing to the pristine surface (Figure 11a),
the Ti surfaces were not heavily etched with 5-min OA treatment (Figure 11b). For a
treatment of 10 min, the etching would slightly expand the cracks on the surface (Figure
11c). As the time increased to 20 min, the roughness of the Ti substrate increased, and the
expansion of the cracks on the surface further proceeded as well as creating small damps
on the surface (Figure 11d). As for 30-min treatment, larger damps were observed (Figure
11e). As illustrated in Figure 11f, the overall etching rate of OA treatment is uniform, and
the calculated etching rate of OA treatment is about 50 nm min−1. The etching rate of OA
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Figure 10 SEM images of (a) pristine Ti foil and HCl treated Ti foils with (b) 8 min,
(c) 15 min, (d) 20 min, and (e) 30 min; (f) Illustration of HCl treatment at 54 ℃.
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Figure 11. SEM images of (a) pristine Ti foil and OA treated Ti foils with (b) 5 min,
(c) 10 min, (d) 20 min, and (e) 30 min; (f) Illustration of OA treatment at 90 ℃.
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treatment is much smaller than HCl treatment, which may enable the Ti surface to be etched
more uniformly than HCl treatment. Consequently, with the OA treatment from 5 to 30
min, Ti substrates still remained relatively smooth surfaces compared to a pristine Ti
substrate.
3.4.2 Interfacial contact comparison of surface-treated titanium substrates
A method from previous publications was employed for ex-situ measuring the ICR between
different titanium materials and the graphite bipolar plate 144-145. Figure 12 shows the ICR
measurement result of the pristine Ti foil and different acid treated foils. The resistance is
calculated as reported in our previous publications.145 The ICR is mainly affected by
compression pressure, material conductivity and material surface morphology. In this
experiment, the compression pressure is controlled to be the same, the ICR differences
would indicate the influences of the material conductivity and surface morphology. The
ICR values gradually decreased with the increase of OA treatment time from 5 min to 20
min, which is mainly resulted from the removal of passive titanium dioxide layer. For the
ICR comparison, the marked pressure of 1.38 MPa (commonly applied compression
pressure in PEMECs) was chosen.150-151 At 1.38 MPa, the 20 min OA treatment and the 15
min HCl treatment reduced the ICR to 5.5%, and 15.2% that of the pristine Ti substrate,
respectively. After achieving 1.38 MPa, the ICR curves of acid treated Ti substrates tend
to be flat. As shown in Figure 12, the flat region of the ICR curve of Ti substrate with 10
min is slightly higher than those of 20 min and 30 min results, which indicates the dioxide
layer may not be fully removed with only 10 min treatment. The ICR of a surface is also
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Figure 12. The ICR of pristine titanium foil and oxalic acid treated (with accordingly
different times) and HCl treated Ti foils under varying compression pressure.
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related to the surface structure. A surface with higher contact area would contribute to a
lower ICR. Thus, comparing to 20 min treatment, a larger ICR under low compression
pressure by 30 min treatment may be caused by a more severe corrosion to the surface
where larger damps were observed on the 30-min treated surface shown in Figure 11. The
OA treated surfaces were lower in ICR comparing to the HCl treated surface, which is also
believed to be impacted by the difference in the surface micro-structure. The pillar
structures on the HCl treated surface would increase the ICR. Overall, the 20-min OA
treatment demonstrated the best ICR performance. Noticing that at 1.38 MPa, although the
15-min HCl treated surface showed a higher ICR than the OA treated surfaces, it still
provided a significant ICR reduction comparing to the pristine Ti foil surface, which
indicates that removing the oxide layer plays a more important role than the micro-structure
difference in impacting the ICR reduction.
3.4.3 Morphology comparison of iridium electrodeposited on surface-treated titanium
substrates
The 15-min HCl treatment was chosen for the substrate of electrode fabrication due to its
optimum pillar structure. Such pillar-structured substrate surface should improve the
surface area of electrodeposited Ir catalyst layers. By comparing Figure 13a, c, and e,
generally with the increase of electrodeposition time from 0.5 min to 2 min, thicker Ir were
deposited on the entire substrate surfaces wrapping the pillars. The catalyst mass loadings
of A1, A2, and A3 samples were 0.05, 0.12, and 0.23 mgIr cm−2, respectively. As shown in
Figure 13b, with a low loading of 0.05 mgIr cm−2, Ir particles with an averaged diameter
of ~ 50 nm from electroplating could be observed stacking around the pillars. The
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diameters of the as-formed pillars are about 130 nm. Tiny gaps between the Ir particles
were also observed. For A2 surface (Figure 13d), as the loading increased, the particle
feature and the gaps between particles became less obvious. The pillars were entirely
wrapped with the Ir thin layer. As the loading continuously increased to 0.23 mgIr cm−2,
A3 surface (Figure 13f) showed that the Ir would cover the pillar structures more smoothly,
and the diameters of the Ir wrapped pillars would increase from ~200 nm to ~300 nm. The
SEM-EDS characterizations were performed to verify the chemical compositions and
catalyst surface coverage on substrates. As shown in Figure 13, both Ir and Ti elements
were uniformly distributed on all samples, suggesting that the Ir catalyst layers were fully
covered over the entire Ti surfaces. For the Ir mappings of A samples, the signals indicate
that Ir was deposited both between the pillars and on the pillars. With a more complicated
surface structure, The Ti mappings of A samples would have locally intensified Ti signals
at the pillars. 30-min OA treatment was chosen for the electrode fabrication partly due to
its complete removal of the oxide layer, and partly because we expected to compare the
difference between a substrate with featured micro-structures and a substrate with
relatively flat surface. Different from surface treatment with HCl treatment, the surface
morphologies of samples after Ir electrodeposition with 30-min OA treated substrates were
more of nanoparticles stacking on a flat surface (Figure 14). The catalyst mass loadings of
B1, B2, and B3 were 0.07, 0.11, and 0.18 mgIr cm−2, respectively. As observed from SEM
images, B1 (Figure 14a and b) showed a discontinuous surface, and the porous Ir layer
was composed of ~50 nm Ir particles. The particle size was the same as that of A1, which
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Figure 13. SEM images of (a, b) A1, 0.05 mgIr cm−2; (c, d) A2, 0.12 mgIr cm−2; and (e,
f) A3, 0.23 mgIr cm−2 at different magnifications, and the corresponding EDS element
mappings of Ti and Ir.
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Figure 14. SEM images of (a, b) B1, 0.07 mgIr cm−2; (c, d) B2, 0.11 mgIr cm−2; and (e,
f) B3, 0.18 mgIr cm−2 at different magnifications, and the corresponding EDS element
mappings of Ti and Ir.
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should be attributed from the same electrodeposition configurations and the similar
loadings. As the electrodeposition time increased up to 1 and 2 min, B2 (Figure 14d) and
B3 (Figure 14f) displayed more continuous and denser layers compared to B1.
Comparatively, B2 surface was also formed with obvious particle structures with an
average diameter of ~120 nm, and almost no gaps were found on B2. As for B3 (Figure
14f), particle features became less obvious and there were some particles growing on top
of the smooth surface. The low-magnification SEM images in Figure 18 confirmed that all
A and B electrodes exhibited good uniformity and full surface coverage of Ir on substrates.
Meanwhile, the Ti mappings of B samples indicate the surface treated from OA has a
smaller roughness comparing to A samples and a smaller variance in the dimension vertical
to the substrate surface. It is clearly shown that the Ti pillars with HCL treatment can
greatly increase the Ir surface area on the Ti substrate compared to the OA treatment, which
is expected to increase the electrochemical surface area for reactions.
3.4.4 OER performance comparison
As shown in Figure 15a, as the Ir loading increases for electrodes with either HCl or OA
treated substrates, the OER performances would improve. Among all the prepared samples,
all HCL-treated samples provide better performance than OA-treated samples, and A3
shows the best performance. To understand if different treatment methods would contribute
differently to the electrocatalytic OER kinetics after Ir deposition, the Tafel slopes were
determined by fitting the linear regions of Tafel plots according to the Tafel equation.57 As
illustrated in Figure 15b, it is observed that in the voltage window of 1.47 ~ 1.49 V, all
electrodes share similar Tafel slopes of ~56.3 mV dec−1. For the voltage window of 1.53 ~
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Figure 15. (a) polarization curves of prepared electrodes with different loadings and
different substrate treatment methods; (b) Tafel plots of the as prepared electrodes;
(c) overpotential of electrodes at 10 and 50 mA cm−2; (d) mass activity and specific
capacitance relationship to the loadings of electrodes with different substrate surface
treatment methods.
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1.55 V, A2, A3, B2, and B3 showed similar slopes of ~86.5 mV dec−1, while A1 and B2
had slightly smaller slopes of 81.2 and 83.6 mV dec−1. Ma et al. reported that for IrO2
nanoparticles that the Tafel slope around 1.48 V would be 60 mV dec−1 and the slope above
1.53 V would be 83 mV dec−1.152 Hartig-Weiss et al. reported that around 1.48 V, the Tafel
slope of IrO2/TiO2 would be 63 mV dec−1, and the Ir-black would be 47 mV dec−1.153 The
slope around 1.48 V in this work should resulted from the oxidization of the
electrodeposited Ir after the catalyst activation process, where a mixture of Ir and IrOx
would occur at the surface of the Ir/Ti electrodes prepared in this work. In this research,
the catalyst layers of all the electrodes were fabricated from the same electrodeposition
method, the charge transfer coefficients of the catalysts of different electrodes would be
similar. The small variance of the Tafel slopes proves that in the loading range from 0.05
to 0.20 mgIr cm−2, the Ir catalyst layer from electrodeposition would share similar
electrochemical kinetics.154 The OER with overpotentials of tested samples at 10 and 50
mA cm−2 are shown in Figure 15c, where A3 shows the smallest overpotential of 264 mV
at 10 mA cm−2 and 329 mV at 50 mA cm−2. Comparing to the overpotential of the baseline
commercial IrO2 whose overpotential at 10 mA cm−2 is 299 mV (Figure 15a), electrodes
with their substrates treated with HCl obviously show apparently better performances (A1:
283 mV; A2: 276 mV). Unlike A samples, the overpotential improvement along with the
loading increase of electrodes with OA treated substrates is small. The overpotential
reduced from 305 mV (B1) to 291 mV (B3) at 10 mA cm−2, when the loading increased
from 0.07 to 0.18 mgIr cm−2. As seen from Figure 21, for both A and B electrodes, the
charge transfer resistances decrease with the increase of catalyst loadings, which is
probably due to the increase of catalyst layer continuity. Among all 6 electrodes, A3
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electrode exhibits the smallest charge transfer resistance, which is in good consistency with
the results in Figure 15c.
To better understand the difference of the electrodes with different substrate treatment
methods, a relationship of the electrode loadings and the mass activity and the mass specific
capacitance is shown in Figure 15d. As illustrated in blue scatters, the A samples show
apparently higher mass activities than B samples at all loadings at the overpotential of 1.48
V. And the mass activity of either A or B samples would decrease as the loading increases
(A: 55.4, 31.7, and 25.0 A g−1; B: 21.9, 16.7, and 12.9 A g−1). The red plots indicate the
mass specific Cdl of electrodes calculated by normalizing their double layer capacitance Cdl
with the mass loadings. The double-layer capacitance Cdl is determined by measuring the
non-Faradaic capacitive current charging from the scan-rate dependence of CVs.155 The
corresponding plots of current density differences (Δj) at 0.37 V vs. scan rates are shown
in Figure 19 and Figure 20. The Cdl values of A samples are 4.92, 5.26, and 14.7 mF cm−2,
respectively. In comparison, the Cdl values of B sample are smaller (1.96, 2.24, and 3.75
mF cm−2). A3 shows distinguished high Cdl among all the electrodes. Normally, to obtain
electrochemically active surface areas (ECSA), the specific capacitance Cs is needed,
which is the value that describes the capacitance of an ideal flat surface of the catalyst.
However, the Cs value could vary with the oxidation state.156-157 The sensitivity to the
oxidation on Ir metals makes the determination of the Cs on Ir/IrOx challenging.158-159 The
Cdl is believed to be proportional to the reaction area.155, 160 Consequently, we directly
normalized the Cdl to the mass loading and compare the electrodes with the mass specific
Cdl. For B sample, the mass specific Cdl would firstly decrease from 28.0 to 20.4 F g−1 as
the loading increases from 0.07 to 0.11 mgIr cm−2 and then slightly increase to 20.8 F g−1
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at 0.18 mgIr cm−2 (Figure 15d). The variance for B sample between different electrodes is
small, meanwhile, the mass specific Cdl of A samples vary significantly (98.4, 43.8, and
63.9 F g−1 respectively) as the loading changes (Figure 15d). Conclusively, A3 has both a
large mass specific Cdl and a high mass loading, which contributes to its advantages in the
active surface area, and this brings in its outstanding OER performance. This could result
from the Ir electrodeposition surface morphology (Figure 13). Little gaps among the
particles are observed on the A1 surface while A2 shows a more continuous surface, which
would help A1 exhibits higher mass specific capacitance than A2 (Figure 13b and d).
When the loading doubles from A2 to A3 (0.23 mgIr cm−2), the surface morphology
changes significantly, and the better coverage of the pillar structures of A3 could possibly
boost the increase in its mass specific capacitance (Figure 13d and f). As discussed in the
previous section, the A electrodes fabricated with HCl treated substrates remained the pillar
structures after Ir electrodeposition (Figure 13), which provided a larger active area than
B electrodes from OA treated substrates (Figure 14). A 15-hr stability test result of the
best performed electrode A3 under 10 mA cm-2 is exhibited in Figure 22. As shown in
Figure 22, the performance experienced a small degradation rate of 1.258 mv h-1.
To further characterize the surface properties of electrodes with different substrates, a highspeed/microscale visualization system was set up to capture the bubble generation and
detachment phenomena on the surfaces of A3 and B3 electrodes at 50 mA cm−2 and
exhibited in Movie S1 and Movie S2, respectively. The snapshots of the bubble generation,
growth, and detachment process on A3 and B3 electrode surfaces are shown in Figure 23,
where we measured the detachment diameters of the O2 bubbles generated on the electrodes
and marked the time duration of the process. By comparison, the whole process of the
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bubble growth and detachment takes ~172.0 ms on A3 electrode surface, but it takes a
longer time of 232.7 ms on B3 electrode surface. Comparing the detachment diameters, DA
(27 µm) for A3 electrode is also smaller than DB (41 µm) for B3 electrode. When the gas
bubbles stay on the electrode surface, they would block the reaction sites.146, 161 Roy et. al.,
reported that the gas “blanketing” on the electrode surface would affect the reaction
kinetics, thus affecting the electrolyzer performance.162 A faster detachment process would
shorten this process, and a smaller bubble detachment diameter would mitigate bubble
coverage on electrode surface and then reduce reaction sites loss. Thus, compared with B3
electrode, the surface properties of A3 electrode in bubble generation, growth, and
detachment process would favor its electrochemical reactions, which is believed to be
attributed from the pin-structures on the A3 electrode surface.
3.5 Conclusions
In summary, Ir/Ti electrodes with two acid treatment methods (HCl and OA treatment) of
the Ti substrates were compared. OA treatment would not change surface morphology
significantly in the time range described in this research (5 to 30 min) at 90 °C, while the
HCl treatment would phenomenally change the surface morphology and creating pillar
structures on the surface. 15 min HCl treatment provided the most favorable pillar structure
with a dense pillar distribution and an optimum pillar length of ~1 µm. Both HCl and OA
treatment methods would contribute to lower interfacial contact resistances (ICR)
comparing to the pristine Ti substrate surface. 20 min OA treatment provided the best ICR
reduction, and reduced the ICR to 5.5% of the pristine substrate and the 15-min HCl
treatment would improve the interfacial contact by reducing the ICR to 15.2% of the
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pristine substrate, but the increase in surface roughness made HCl treated surface exhibit
~ 2.8 times the ICR of the 20 min OA treated surface. Then Ir/Ti electrodes for OER were
fabricated by electrodepositing Ir on both HCl and OA treated Ti substrates. For HCl
treated substrates, as the loading increased from 0.05 to 0.23 mgIr cm−2, the Ir would
gradually wrap the pillar structures and remained a surface with featured pillar structures.
As the Ir loading increased from 0.07 to 0.18 mgIr cm−2 on the OA treated substrates, the
catalyst layer would develop from a discontinuous surface to a continuous surface. As
characterized in a three-electrode system with 0.5 M H2SO4, a Ir/Ti electrode from HCl
treated substrates with 0.23 mgIr cm−2 exhibited a low overpotential of ~264 mV at a current
density of 10 mA cm−2, and ~283 mV with 0.05 mgIr cm−2. By comparing the double layer
capacitances Cdl of electrodes, electrodes with HCl treated substrates exhibited larger Cdl
than OA treated electrodes at all loadings. At ~ 0.20 mgIr cm−2, the electrode with HCl
treated substrate provided ~ 8.5 times the Cdl value of the OA treated electrode, which was
discovered to be resulted from its outstanding mass specific Cdl.
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3.6 Appendix
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Figure 16. Schematic for ICR measurement.

Figure 17. SEM images of 37 v/v% HCl treated Ti foils under different magnifications.
Treatment duration: 20 min. Treatment temperature: 44 ℃.
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Figure 18. SEM images (small magnification) of (a) A1, (b) B1, (c) A2, (d) B2, (e) A3,
and (f) B3.
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Figure 19. Cyclic voltammograms of (a-c) electrodes with HCl treated substrates, at
various scan rates of 10, 20, 40, 80, 100 mV s−1, and (d) plots of current density
differences (Δj=ja-jc) at 0.37V vs. scan rates. The slope is two times the value of Cdl.
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Figure 20. Cyclic voltammograms of (a-c) electrodes with OA treated substrates, at
various scan rates of 10, 20, 40, 80, 100 mV s−1, and (d) plots of current density
differences (Δj=ja-jc) at 0.37V vs. scan rates. The slope is two times the value of Cdl.
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Figure 21. EIS plots of all electrodes measured at 10 mA/cm2.
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Figure 22. The CP test of A3 electrode at 10 mA cm−2 for 15 hr.
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Figure 23. Typical bubble detachment process on A3 and B3 electrode surfaces at 50
mA cm−2. The t0 and t1 indicate the bubble generation and the detachment time points,
respectively. Detachment diameters for A3 and B3 electrodes are marked as DA and
DB, respectively. Snapshots were obtained from Movie S1 and Movie S2.
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CHAPTER FOUR
TUNING CATALYST ACTIVATION AND UTILIZATION VIA
CONTROLLED ELECTRODE PATTERNING FOR LOW-LOADING
AND HIGH-EFFICIENCY WATER ELECTROLYZERS
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4.1 Abstract
We propose an anode electrode concept of thin catalyst-coated liquid/gas diffusion layers
(CCLGDLs) by integrating Ir catalysts with Ti thin tunable LGDLs with facile
electroplating in proton exchange membrane electrolyzer cells (PEMECs). The CCLGDL
design with only 0.08 mgIr cm−2 could achieve comparative cell performances to the
conventional commercial electrode design, saving ~97% Ir catalyst and augmenting a
catalyst utilization to ~24 times. CCLGDLs with regulated patterns enable insight into how
pattern morphology impacts reaction kinetics and catalyst utilization in PEMECs. A
specially designed two-sided transparent reaction-visible cell assists the in-situ
visualization of the PEM/electrode reaction interface for the first time. Oxygen gas is
observed accumulating at the reaction interface, limiting the active area and increasing the
cell impedances. We demonstrate that mass transport in PEMECs could be modified by
tuning CCLGDL patterns, thus improving the catalyst activation and utilization. The novel
CCLGDL concept promises a future electrode design strategy with a simplified fabrication
process and enhanced catalyst utilization. Furthermore, the CCLGDL concept also shows
great potential in being a powerful tool for in-situ reaction interface research in PEMECs
and other energy conversion devices with solid polymer electrolytes (SPE).
4.2 Introduction
A worldwide increase in energy demand and a latent crisis in the fossil fuel supply has
spurred broad research in the renewable energy industry. Currently, most renewable energy
resources (e.g., hydro, wind, solar, tide) face supply challenges as they are known to be
intermittent, unstable, and locally shackled, which calls for urgent development in energy
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storage and transportation. Hydrogen has been regarded as one of the most potential ideal
energy carriers with its advantages (e.g., high energy density, environmentally friendliness,
and low weight).1-11,
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In practice, the proton exchange membrane electrolyzer cell

(PEMEC) is considered to be one of the optimal hydrogen production devices with its
superior compact design, high efficiency, preeminent hydrogen purity, and great
compatibility with PEM fuel cells (PEMFCs).160,

163-168

Although the advantages of

PEMECs are apparent, the high cost has been holding back its large-scale application.
Precious platinum-group metals (PGMs) such as Ir and Ru are mostly used as anode
catalysts to withstand the aggressive anode working environment in PEMECs.120-129, 169 As
reported by Ayers et al., for a practical stack with a daily production of 13 kg H2, the
membrane electrode assembly (MEA) accounts for one quarter of the stack cost.170
Therefore, decreasing the anode catalyst loading, simplifying anode fabrication, and
cutting down electrode cost are effective strategies to reduce a PEMEC’s cost and boost its
commercial application.
At present, a catalyst-coated membrane (CCM)/porous transport layer (PTL) design is most
widely employed in PEMECs.13-14 The great progress has been made in the research and
development of CCMs to reduce catalyst loadings and to enhance long-term durability.2728

However, Mo et al. discovered that a large portion of the catalyst on the membrane is

underutilized in the CCM/PTL design due to the conductivity limit of the ionomer mixed
catalyst layer (CL).29 They demonstrated that gas diffusion electrodes (GDEs) with catalyst
deposited on the electrode rather than the PEM could avoid this issue, showing great
potential to reduce the catalyst loading of PEMECs. So far, the research on GDE mainly
70

consists of three aspects (catalysts, deposition methods, and PTLs), among which the
modifications on the catalysts and the deposition methods have been widely studied.30-31
However, reports of modifications on PTL itself are rare and the significance of such
research is underestimated. In fact, the morphology design of an electrode would greatly
influence its performance.32 Currently, Ti felt is one of the most widely used PTL materials
in the industry and is commonly involved in the GDE research. Commonly, the thicknesses
of Ti felt PTLs are more than 300 µm. The catalyst deposited deep inside the PTL would
be far away from the Nafion, and difficult to be utilized in the reaction due to the failure of
meeting triple-phase boundary (TPB) conditions.33-34 Hence, the catalyst could be wasted
if deposited on Ti felt or other PTLs with large depths and complex 3D structures. In this
case, a thin PTL with a simple porous structure would be ideal.
Herein, a concept of thin catalyst-coated liquid/gas diffusion layer (CCLGDL) is proposed
to be an alternative to conventional CCM/PTL design (Figure 24a) by integrating an Ir
catalyst layer with the thin (~50 µm) tunable liquid/gas diffusion layer (TT-LGDL) via a
facile electroplating process. The CCLGDL design (Figure 24b) inherits the advantages
of GDEs and furthermore avoids the catalyst waste issue of using Ti felt or other thick
conventional materials, thus significantly improving the catalyst utilization.171 In-situ cell
performances of Ir CCLGDLs with different thicknesses from 35 to 125 nm (corresponding
to 0.08 ~ 0.27 mg cm−2) were investigated. As illustrated in Figure 24c, to better
understand the impact of the CCLGDL morphology on electrochemical performances,
CCLGDLs with three pore sizes (100, 200, and 300 µm) and three porosities (20%, 40%,
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Figure 24 Schematic of the anode thin CCLGDL design. For conventional CCM/PTL
research, TT-LGDL was found boosting the PEMECs’ efficiency comparing to the
conventional PTLs and further research of the CCM/TT-LGDL design reveals a
catalysts underutilization issue exists. By integrating the catalyst layer with the TTLGDL instead of the PEM, PEM/CCLGDL design arises for better catalyst utilization.
The tunable pattern of CCLGDLs enables the discussion about the impact of
electrode pattern morphology on cell performances.
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and 60%) were investigated in PEMECs using cathode-only single-sided CCMs in this
research. The land width is defined as the shortest distance between the edges of two
adjacent pores. By comparing different CCLGDLs with the same Ir coating thickness, the
systematic study of the impacts of electrode patterns with highly regulated morphological
parameters (e.g., land width, porosity, contact area, total pore edge lengths) on catalyst
activation and utilization was performed in this work. These experimental results provide
us with more insightful and direct evidence of crucial electrode parameters in determining
the overall cell performances in PEMECs, which would further facilitate and guide the
optimization of low-loading electrodes for high-efficiency water electrolyzers. In our
previous works, we could only observe the bubble dynamics in the channel and/or on the
catalyst surface of CCMs.20-21 Thus, the insightful information of the mass transport
phenomena and real-time electrochemical reactions at the reaction interface between PEM
and catalysts still remains unclear. In this work, taking the advantages of the CCLGDL
structure and the high-speed microscale visualization system, we pioneer a novel two-side
CCLGDL MEA design specifically feasible for the visualization system, so that we could
film the in-situ OER reactions on the interface between PEM and catalyst for the first time.
The CCLGDL structure grants the feasibility of such visualization, which infers the
CCLGDL is not only a promising alternative electrode design but also a powerful tool for
in-situ electrode/membrane interface research. This work will provide a general guidance
to the future GDE morphology design and a direction for launching in-situ reaction
interface research. In addition, a deeper understanding of electrode design will contribute
to the cost reduction for PEMECs as well as other energy conversion devices, and boost
their pathways towards commercialization.
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4.3 Experimental Section
4.3.1 Materials preparation and characterizations
TT-LGDL substrates: A set of TT-LGDLs fabricated through photolithography and
chemical wet-etching method with different pore sizes and porosities were
employed as substrates for CCLGDL fabrication. The patterns of the chosen
circular-pore-shaped TT-LGDLs, with pore diameters varying from 100 to 300 µm
and porosity varying from 20% to 60%, are shown in Figure 38. For the pattern
related notations, “Ø” refers to the diameter in µm and the letter “P” refers to the
porosity as a percentage. The detailed fabrication method can be found in our
previous work.
Oxalic acid treatment: 0.1 N oxalic acid (OA) aqueous solution was used to treat
the Ti surface. OA (HO2CCO2H·2H2O, crystalline 99.5% ~ 102.5%, Alfa Aesar)
was weighed and dissolved into DI water to make the solution. The solution was
first heated to 90 ℃. Then, TT-LGDLs were immersed into the acid solution and
treated for 20 min. Scanning electron microscopy (SEM) images were captured to
check the TT-LGDL pattern morphology variance before and after the acid
treatment. As shown in Figure 39, the morphological parameters of a TT-LGDL
Ø100P40 before and after the oxalic acid treatment were similar. As measured, the
pore diameters before and after treatment were both 97~110 µm. Based on the pitch
distance of 150 µm and the hexagonal pattern regulation, the porosities before and
after the treatment were both around 40%. Therefore, the effects of OA treatment
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process on the pore size/porosity of TT-LGDLs/CCLGDLs will be neglected in this
research.
Electroplating: Ir electroplating was adopted to fabricate the Ir CCLGDLs. The
electroplating solution (IRIDEX 300 B, 15 gIr L−1, Electroplating Engineers of Japan Ltd)
was heated to 85 °C and stirred at 150 rpm. The TT-LGDLs were soaked in the solution
for 5 mins before electroplating. The electroplating current density was set to 5 mA cm⁻2
with approximately 0.4 nm sec⁻1 deposition rate. The current was controlled by a
potentiostat (VSP, Bio-Logic). The detailed parameters of the CCLGDLs are listed in
Table 3 (in appendix 4.6). The geometric loading of the Ir was then calculated by weighing
the mass difference of the CCLGDLs with a semi-micro balance (Secura125-1S, 120g
×0.01 mg, Sartorius). The EDS mapping of a CCLGDL is presented in Figure 40,
confirming the uniformity of the Ir deposition. Figure 41 shows the EDS information
collected in the area of the catalyst layer, and the catalyst layer is confirmed to be pure Ir
with rare oxidization. The Ir thickness is calculated based on the pure Ir density, mass
difference before and after the electroplating, and the total wetted surface area during the
electroplating process.
SEM and EDS characterizations: SEM was used to characterize the surface
morphologies of fresh TT-LGDLs, OA treated TT-LGDLs, and CCLGDLs with
different Ir loadings. EDS was used to confirm the chemical composition of the Ir
layer. The SEM images were mainly captured on a Hitachi S4800 SEM with a cold
field emission gun. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy with energy dispersive X-ray spectroscopy
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(STEM-EDS) mapping were performed with Hitachi HF3300 at Oak Ridge National
Laboratory.
4.3.2 Cell test and visualization
Cell assembly: For each CCLGDL test, a cathode-only single-sided CCM (3.0 mgPt
cm−2, N117) from Nel Hydrogen (Wallingford, CT) with a 5 cm2 active area was
employed. A carbon fiber paper (Toray 090) with 280 µm thickness and 78%
porosity was used as the cathode LGDL. Two graphite plates with parallel flow
channels were used as the anode and cathode Bipolar Plates (BPPs). The CCLGDL,
single-sided CCM, and carbon fiber paper, together with the gaskets and the BPPs
were sandwiched by two stainless steel end-plates to assemble a PEMEC. The whole
cell was then compressed by eight evenly distributed 1/4 20 bolts, which were
tightened to 4.52 N·m of torque (40 in·lb). The PEMEC was connected to a
potentiostat with a booster (VSP/VMP-100, Bio-Logic). Additionally, a diaphragm
liquid pump (SIMDOS 10, KNF Neuberger) was used to supply DI water at a
constant volumetric flow rate of 4 ml min−1 cm−2 to the anode. The resistivity of the
deionized water was guaranteed with a resistivity meter (>18.2 MΩ·cm). The DI
water was preheated to the desired temperature in a water bath (WB10, PolyScience)
before being pumped into the PEMEC. Next, two rod heaters controlled by a
temperature PID control system (Multi-Zone controller from OMEGA) were
inserted into two end-plates and coupled with two thermocouples inserted into the
BPPs. The PID controller was tuned to maintain the desired cell temperatures. For
the Ti felt and TT-LGDL tests, two-sided CCMs (3.0 mgIr cm−2, 3.0 mgPt cm−2, N117
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membrane) were supplied by Nel. The CCMs were fabricated through a transfer
process after electrodes were deposited onto a Teflon substrate using a screenprinting technique. Ti felt was chosen as a typical conventional PTL because it is
widely used in commercial stacks.
Electrochemical test: A potentiostat with a booster (VSP/VMP100, Bio-Logic) was
used to record the test results. For each sample, the polarization curve was recorded
from 0 to 2 A cm−2. High frequency resistance (HFR) was recorded at a frequency
of 5 kHz. Galvanostatic electrochemical impedance spectroscopies (GEIS),
measured in a frequency range of 10 kHz ~ 100 mHz at multiple current densities,
were used to characterize the impedance of the PEMEC. For each CCLGDL test,
the cell was activated and conditioned to achieve a stabilized performance.
Visualization system: A high-speed micro-scale visualization system with long working
distance was used for high-speed video filming. Firstly, a cell with an open window on the
anode endplate was used for the visualization of O2 bubble dynamics of three MEA
designs: CCM/Ti felt, CCM/TT-LGDL, and PEM/CCLGDL. This system was reported in
our previous research.29 Corresponding high-speed videos (filmed at 6000 fps) are attached
in supplementary as Movie S3, Movie S4, and Movie S5 (play speed is 1/200 to real time).
Secondly, in this work, a specially designed two-sided transparent and reaction-visible cell
was used (Figure 34). This cell was designed for observing the anode in-situ reaction
interface from the cathode through the membrane, and a corresponding high-speed video
(filmed at 100 fps) is attached as Movie S6 (play speed is 1/4 to real time). To illustrate
the edge of the PEM/CCLGDL interface, Movie S7 (play speed is 1/20 to real time) was
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filmed (500 fps) at 50 mA cm−2. It is noted that we used N117 membrane in typical
PEMECs for all tests to study the cell performances of different CCLGDLs. To visualize
the OER reaction interface of PEM/Ir-CCLGDL, we used a thinner N115 membrane in a
two-side transparent cell with a special design of Pt-CCLGDL/PEM/Ir-CCLGDL for better
visualization through the cathode electrode and membrane.
4.4 Results and Discussions
4.4.1 Comparison of PEM/CCLGDL with conventional CCM/PTL
Three different MEA designs: conventional CCM/Ti felt, CCM/TT-LGDL, and
CCLGDL are compared. The structural differences of the three membrane/electrode
designs are illustrated in Figure 25a, b, and c. The bubble generation differences
among various designs are shown in Movie S3, Movie S4, and Movie S5, and their
corresponding high-speed video snapshots are displayed in Figure 25d, e, and f,
respectively. The bubble dynamics and two-phase flow behavior would provide us
information about the differences of three different designs.172-173 From Movie S3,
in the CCM/Ti felt design, we can clearly observe that the bubbles are detaching less
frequently than those of the CCM/TT-LGDL (Movie S4) and PEM/CCLGDL
(Movie S5), which may impede the water diffusion because it literally lengthens the
time of gas staying in the diffusion layer.21, 172 PEM/CCLGDL design inherits the
advantages of TT-LGDL due to its thin thickness and straight-through pores. Then,

78

Figure 25 Schematics of three different anode electrode designs: (a) CCM/Ti felt, (b)
CCM/TT-LGDL, and (c) PEM/CCLGDL; (d-f) Corresponding high-speed video
snapshots of three designs. Scale bar 200 µm; (g) Polarization curves of three designs;
(h) Ir mass-specific currents of three designs calculated at 1.7 V.
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by comparing Movie S4 and Movie S5, although there are catalysts in the middle of
the pores for CCM/TT-LGDL, it is observed in Movie S4 that most bubbles generate
at the rims of the pores just like Movie S5, indicating that the catalysts in the middle
of the pores are underutilized for the CCM/TT-LGDL design. The underutilization
in CCM/TT-LGDL design is believed to be influenced by the CL conductivity.18, 21,
33

The performance differences of the three designs are shown in Figure 25g. Notably, the
polarization curve of CCLGDL starts from 1.45 V at 0 A cm−2, while the CCM/PTL and
CCM/TT-LGDL designs start from a lower value of 1.39 V (60 mV in difference). The
starting potential is affected by anode and cathode onset potentials. With the same cathode
design, the starting potential difference mainly results from the difference in anode design.
The CLs of CCMs are composed of IrOx nanoparticles well mixed with ionomer. However,
the CL of a CCLGDL is fabricated by Ir electroplating. Hence, compared to the CL of
CCM, a smaller active area might be obtained for the CL of CCLGDL, especially with only
~6% of the catalyst loading (CCLGDL: 0.17 mgIr cm−2; CCM: 3.0 mgIr cm−2). Despite this,
at 3 A cm−2, the PEM/CCLGDL design still shows a better performance (2.03 V) than
conventional anode CCM/Ti felt (2.11 V) and CCM/TT-LGDL design (2.04 V) under 80
°C. As shown in Figure 33 (in appendix 4.6), a smaller HFR value of PEM/CCLGDL
contributes to its better performance than CCM/Ti felt in the large current density range.
Furthermore, as discussed in our previous works, both PTL thickness and morphology
would affect the PEMEC ohmic loss and performance.20,

174-175

Herein, not only the

thickness but also the electrode structure difference of CCLGDLs and the Ti felt may result
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in different ohmic losses and cell performances. Furthermore, Figure 25h shows the massspecific currents of a PEM/CCLGDL and two CCM/PTL designs. 1.7 V was picked
because 1 A cm−2 is a commonly used current density for durability tests and our CCLGDL
exhibits ~1.7 V at 1 A cm−2.176-177 Mass-specific current is considered as an effective
judgment criterion for the electrode catalyst utilization in the cell and its difference from
the mass activity is that mass activity requires an ohmic free correction and reflects the
property of the CL (not the electrode), while the mass-specific current shows the property
of an electrode. The ohmic loss is a critical parameter for electrode performance that we
cannot ignore when we estimate an electrode for its catalyst utilization. The idea of the
mass-specific current is straightforward that with a fixed cell voltage, for a certain amount
of catalyst, the larger current density a cell can achieve, the better the electrode is in
utilizing the catalyst. As shown in Figure 25h, the CCLGDL design exhibits a high massspecific current of 4.64 A mgIr−1 at 1.7 V, which is much better than those of the other two
designs (CCM/Ti felt design: 0.29 A mgIr−1; CCM/TT-LGDL design: 0.34 A mgIr−1).
Movie S4 demonstrates that catalyst underutilization exists in the conventional CCM/PTL
design, and this would help explain the better catalyst utilization for the PEM/CCLGDL
design.
Unlike ionomer mixed CLs in conventional CCM/PTL designs, the Ir CL of the CCLGDL
is directly deposited on the electrode. The fabrication of a conventional CCM usually
involves a multi-step process, including catalyst ink preparation, ink spraying/painting, and
decal transfer. The proposed CCLGDL fabrication could avoid these steps and the
electroplating system could also be organized in tandem with protective layer coating
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systems, which would simplify the production line of long-durability electrodes for
practical applications in PEMECs.178 Protective layer is believed to be essential for the
fabrication of durable parts.179 The electroplating method is a commonly adopted method
for facile and fast catalyst deposition, and the loadings of the CCLGDLs could be wellcontrolled by the electroplating duration. Although electroplating Ir metal was used as one
example for CCLGDL fabrications in this work, chemical synthesis or spray coating
methods, or other OER catalysts can also be applied to the CCLGDLs.
4.4.2 Impact of CCLGDL catalyst loadings on cell performances
SEM images of CCLGDLs with three different Ir thicknesses (35, 75, and 125 nm) were
captured to study the morphology and structure of the catalyst layer. The parameters of asprepared CCLGDLs are provided in Table 3. Detailed information about measurement and
calculation is provided in experimental section. The average thickness of the Ir catalyst
layer was estimated with pure Ir density, the wetted surface area during the electroplating
process, and the mass difference before and after the electroplating. As shown in Figure
26, CCLGDL Ø100P40-35 shows a discontinuous Ir nanofilm, composed of isolated Ir
nanoparticles/clusters. With an increase of the Ir thickness from 35 to 75 nm, the Ir
nanofilm on CCLGDL Ø100P40-75 becomes more continuous. For CCLGDL Ø100P40125, the uniform Ir nanofilm completely covers the entire surface of the substrate.
In Figure 27, the performances and HFR results of CCLGDLs with the same pattern
morphology but different Ir thicknesses, namely, 35, 75, and 125 nm, were compared. As
illustrated in Figure 27, CCLGDL Ø100P40-75 and CCLGDL Ø100P40-125 show the
same cell voltage of 1.90 V at 2 A cm−2 and their average HFR values (~118 mΩ·cm2 for
82

Figure 26 SEM images of CCLGDLs fabricated with TT-LGDL Ø100P40 but with
different Ir thicknesses: (a, b) 35 nm, (c, d) 75 nm, (e, f) 125nm. The right image of
each row shows the zoom-in surface morphology.

83

Figure 27 Performances of CCLGDLs fabricated from Ø100P40 TT-LGDL but with
different Ir thicknesses, namely 35 nm, 75 nm, and 125 nm. Polarization curves and
corresponding HFR plots in the current density range of 0 ~ 2 A cm−2.
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CCLGDL Ø100P40-125, ~114 mΩ·cm2 for CCLGDL Ø100P40-75) are similar within the
tested current density range. However, the CCLGDL Ø100P40-35 sample shows a slightly
worse performance (1.97 V at 2 A cm−2). Also, the HFR value of CCLGDL Ø100P40-35
(~140 mΩ·cm2) is slightly higher than the other CCLGDLs. The similar performances of
CCLGDL Ø100P40-75 and CCLGDL Ø100P40-125 indicates that a threshold thickness
might exist, and the electrode performance would not be further improved in a certain range
of current density (0 ~ 2 A cm−2) when the Ir thickness exceeds
the threshold. From the SEM images, it is suggested that when the coverage of the
catalysts reaches a certain level, the reaction sites provided in a specific area would
not further increase. Noticing that the 75 nm Ir layer still has gaps on the surface, it
implies for a CCLGDL a “full coverage” might not be essential for exhibiting good
electrode performance within a certain current density range. To avoid the case that
an “overloaded” catalyst dominates the performance in a PEMEC and affects our
judgment about the pattern morphology impact, 75 nm Ir thickness is controlled for
the comparison of different patterned CCLGDLs.
4.4.3 Impact of pattern morphology on catalyst activation
Different from conventional GDEs with randomized fiber or particle structures, a
planar CCLGDL with a regulated pattern grants a regulated contact pattern with the
PEM. From the pore edge to the middle of the land, the location difference may
result in different local reaction conditions (e.g., different gas diffusion, water
diffusion, and membrane hydration); thus, the catalyst may not be equally activated.
Since the catalyst working environment could be different, CCLGDL patterns
85

should impact the catalyst activation process. Even the catalyst can be equally
activated, a difference in mass transport would still possibly lead to variations in
reaction kinetics. By tuning the patterns, the polarization and HFR curves of
different CCLGDLs are shown in Figure 28a. Among all the CCLGDLs, Ø100P4075 (red) with 100 µm pore size, 0.40 porosity, and 0.17 mgIr cm−2 (~75 nm) exhibits
the best performance of 1.90 V at 2 A cm−2. Figure 28b shows the whole-cell Tafel
plots of different CCLGDLs around 1.50 VHFR-free (~300 mV above reversible
voltage100). Because the cathode setups for all tests are identical, the HER kinetics
is considered the same under the same HFR-free voltage; thus, the difference in
whole-cell Tafel slopes should result only from the anode difference. Due to the
complexity of a whole-cell reaction with both anodes and cathodes involved, wholecell Tafel slopes are not recommended to identify the rate-determining step for OER
kinetics. Moreover, for complex multi-step reactions, M. Koper has reported that the
rate-determining step and the potential-determining step may be different and
simply using Tafel slopes to compare the catalyst can be risky if multi-steps are
involved.180 OER is a typical multi-step process, so keeping a low voltage (or a low
current density) is necessary to avoid ambiguous rate-determining step. Herein, this
work only captures the voltage window for the first whole-cell Tafel slope. The Tafel
slope implies the required voltage increase to enlarge the current density by a factor
of ten and reflects the intrinsic property of a catalyst. A smaller Tafel slope may
indicate a better faster kinetics for OER.30, 50. Notably, Ir CLs on all CCLGDLs are
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Figure 28 Performances of CCLGDLs with the same Ir thickness 75 nm but different
pattern morphologies: (a) polarization curves and corresponding HFR plots in the
current density range of 0 ~ 2 A cm−2; (b) whole-cell Tafel plots; (c) Ir mass activities
of different CCLGDLs at the HFR-free voltage of 1.65 V.
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prepared identically with the same thickness (local loading), which means if all the
Ir on each CCLGDL can be equally activated and work at the same reaction
environment, the OER kinetics should be similar among these CCLGDLs, but as we
just discussed, it would not be possible due to the pattern difference. As a result, the
difference in whole-cell Tafel slopes would imply the catalysts involved in the
reaction on CCLGDLs are not equally activated and the catalyst working
environment might also be different. As shown in Figure 28b, CCLGDLs Ø100P4075 (red) (51.1 mV dec−1), Ø200P40-75 (orange) (53.2 mV dec−1), and Ø300P60-75
(pink) (52.9 mV dec−1) show similar whole-cell Tafel slopes. However, Ø300P2075 (purple) (66.4 mV dec−1) and Ø300P40-75 (cyan) (68.9 mV dec−1) exhibit much
higher Tafel slopes than the rest.
The difference in the whole-cell Tafel slopes implies that for the catalysts (involved in the
reaction) of Ø300P20-75 (purple) and Ø300P40-75 (cyan), the OER kinetics are slower
than the other CCLGDLs. Meanwhile, Ø300P60-75 (pink), also with a 300 µm pore size,
exhibits a low Tafel slope, which means the hampered kinetics is not simply due to the
pore size. Based on the model reported by Chen et al.,181 due to the lack of in-plane water
diffusion in LGDLs,175 the water saturation beneath the CCLGDL would be limited without
a direct water supply. Tafel slope is not sensitive to active area (the logarithm of area would
only cause a shift of the plot but not changing its slope), so the discussion of the kinetics
would only result from the in-situ electrode performance (i.e., better activation of the
catalyst, more abundant water diffusion to the reaction interface would all contribute to
better electrode performance).Notably, the land widths of Ø300P20 (350 µm) and
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Ø300P40 (150 µm) are much larger than those of the other CCLGDLs, we assume that
large land width should have an impact on the slow kinetics and a diffusion issue resulted
from a large land width is suspected to hinder the catalyst activation or influence the
catalyst working environment. Lateral water diffusion in the PEM should be the main water
supply for the reaction sites under the land. The wider the land width is, the more difficult
the water diffusion would be, which would make catalysts more difficult to get fully
activated. The mass activities are compared at the same HFR-free voltage of 1.65 V (set to
be 200 mV above 1.45 VHFR-free. Whole-cell onset potentials of CCLGDLs are similar and
around 1.45 VHFR-free. In addition, for the best performed CCLGDL, this HFR-free voltage
is around 1 A cm−2). As shown in Figure 28c, a smaller pore size and a larger porosity
would contribute to a higher mass activity. Among the three CCLGDLs with the same
porosity, CCLGDL Ø100P40-75 with the smallest pore size shows the highest mass
activity of 9.07 A mgIr−1. Among the three CCLGDLs with the same pore size, CCLGDL
Ø300P60-75 with the largest porosity shows the highest mass activity of 9.97 A mgIr−1.
HFR is usually used to represent the ohmic resistance in the cell. As shown in Figure 28a,
CCLGDL HFR values vary along with the current density. Normally, we would assume
the ohmic resistance in a PEMEC to be constant. However, for CCLGDLs, the ohmic
resistance apparently increases along with the increase of the current density. This
phenomenon is also observed in CCM/TT-LGDL design as illustrated in Figure 33.
Therefore, we hypothesize such ohmic resistance increase phenomenon is likely related to
the interface of PEM/CCLGDL.
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To validate our hypothesis, a two-sided transparent and interface-reaction-visible cell was
used, and a design of Pt-CCLGDL/PEM/Ir-CCLGDL was developed (Figure 34). As
marked in the red boxes of Figure 34, the observation target is on the anode side, and the
camera is designed on the opposite side (cathode) to capture the in-situ reaction interface
through the cathode electrode and membrane. From the transparent cathode side, we
successfully visualized and captured the in-situ reaction interface of the PEM/CCLGDL.
A high-speed video was recorded at 0.1 A cm−2 (Movie S6). To the best of our knowledge,
there are no reports about in-situ OER reaction interface visualization in an operating cell.
As shown in Movie S6, bubbles are generated at the interface of PEM/CCLGDL, where
TPB conditions are satisfied. For some inner areas under the CCLGDL lands (blue circled
area), the oxygen bubbles have longer transport pathways than the areas near the edges. As
the bubbles grow and emerge, the oxygen gas would separate the PEM/CCLGDL interface
and eventually transport into the pore (red circled area). Therefore, we assume that gas
generated near pore edges is more easily diffused out from the reaction interface than inner
areas beneath the lands. Consequently, for different pattern morphologies, a smaller land
width of CCLGDLs would benefit the gas release, and a CCLGDL with a larger land width
would suffer more from the gas accumulation. A more severe bubble accumulation
phenomenon would cause more prolonged separation of the reaction interface, and then
lead to losses of reaction area and proton transport pathways, which would increase the
ohmic resistances. Such phenomenon would become more severe when the current density
increases due to larger generated gas volumes. Therefore, the gas accumulation and
diffusion shown in Movie S6 at the reaction interface of PEM/CCLGDL should relate to
the HFR increase along with the current density. Specifically, the HFR differences of
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CCLGDLs (Ø300P20-75, Ø300P40-75 and Ø300P60-75) with the same pore size of 300
μm but different land widths of 350, 150 and 75 μm were measured and compared in
Figure 28a. The results indicate that with the same pore size, the land width of CCLGDLs
greatly impacts the increase trend of HFRs. The wider the land is, the greater the HFR
increase is found. Especially, for the 350 μm land width case, the HFR increases
phenomenally along with the current density increase. More discussions of the pattern
impact on the cell performance will be addressed in the following sections. Moreover,
Movie S6 was recorded at only 0.1 A cm−2 and these issues would become more severe as
the current density increases because the gas release would become more extensive. With
a larger current density, the PEM/CCLGDL interfacial area would decrease, which would
result in an increase in proton transport resistance.18 Simultaneously, a larger local current
density is required to maintain the fixed total current given to the cell, which would also
bring in a larger ohmic loss.
4.4.4 Impact of pattern morphology on cell activation loss and diffusion loss
EIS fitting: The equivalent circuit with two Q/R components shown in Figure 29a is used
for the fitting and analysis of the EIS of the CCLGDLs (75 nm). A typical Nyquist plot of
CCLGDL Ø100P40-75 EIS at 0.2 A cm−2 is shown in Figure 29b, and the fitting curve
indicates the spectrum is well interpreted by the model. The fitting for PEMEC EIS spectra
is complicated. Due to different interpretations of the spectra, reported models for whole
PEMEC EIS spectra fitting vary from different researchers. Rozain et al. reported that the
two arcs in the EIS are both affected by OER from two OER kinetic steps and the charge
transfer reactions are major cell impedance contributors even at cell voltage up to
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approximately 1.8 ~ 1.9 V.151 Lettenmeier et al. also fitted the last arc with a Q/R
component. However, he considered it as a diffusion arc (rather than interpreting with a
Warburg component).14 Liu et al. adopted two circuit models (Q/(R+ZW) and Q/R+Q/R)
for the EIS fitting of two MEA designs and the second arc is classified as a diffusion arc
when using a Q/(R+ZW) model, and as a charge transfer arc when using a Q/R+Q/R
model.182 In this work, due to the complexity of the EIS fitting for whole-cell tests, only
spectra under low current density (0.2 A cm−2) were fitted and analyzed. Two Q/R
components were adopted to interpret the spectra. As shown in Figure 30, HFR-free EIS
results are presented to investigate the cell activation and diffusion losses. The fitting data
are presented in Table 1. Cdl values were calculated based on corresponding charge transfer
kinetic resistances, CPE values, and exponents a. The second arc is notably distorted,
which indicates the Q/R part with a distorted exponent a is for the low-frequency arc.
Activation loss: As discussed about Figure 28b, the OER kinetics for CCLGDLs is found
different even with the same CL fabrication method at similar HFR-free cell voltages. In
addition, CCLGDLs with apparently large land widths turn out to have higher kinetic
slopes, which indicates a difference in the CL working environment. As multi-step kinetics
is involved in the reaction and diffusion issue might not show up at a low current density
of 0.2 A cm−2, we believe both arcs are charge transfer arcs.20 And if the first charge transfer
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Figure 29 (a) Equivalent circuit for analysis of the EIS; (b) example of a typical
CCLGDL EIS Nyquist arc and its fitting result with the circuit model. Raw CCLGDL
EIS results are shown in Figure 37.
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Figure 30 HFR-free EIS results of different patterned CCLGDLs at (a) 0.2 A cm−2
and (b) 1 A cm−2. In the top row, CCLGDLs share the same pore size of 300 µm but
different porosities of 20%, 40%, and 60%, in the bottom row, CCLGDLs share the
same porosity of 40% but different pore sizes of 100, 200, and 300 µm.
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Table 1 The fitting parameters of the EIS of the CCLGDLs (75-nm Ir) at 0.2 A cm−2.
Sample
Pattern

Rohm
[mΩ·cm2]

Qhf
[F·s ·cm−2]

ahf

Rct,hf
[mΩ·cm2]

Cdl,hf
[F·cm−2]

Qlf
[F·s ·cm−2]

alf

Rct,lf
[mΩ·cm2]

Cdl,lf
[F·cm−2]

Ø100P40

111.4

0.0053

1.00

87.9

0.0052

0.7772

0.64

117.4

0.2031

Ø200P40

119.7

0.0105

0.95

96.0

0.0075

1.1856

0.61

131.4

0.3647

Ø300P20

117.8

0.0130

0.92

108.7

0.0071

2.0740

0.53

174.6

0.8529

Ø300P40

120.5

0.0042

1.00

99.0

0.0042

1.4642

0.55

169.2

0.4675

a-1

a-1

Ø300P60
128.8
0.0080
0.93
109.4
0.0048
0.6368
0.65
100.9
0.1465
hf, and lf in the subscripts represent high, and low frequency. Rohm, ohmic resistance. Q, constant phase element. a, phase
exponent for constant phase element. Cdl, double layer capacitance. Rct, charge transfer resistance.
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arc is for HER, Rct,hf should be much smaller than Rct,lf, so both arcs are for OER. As
shown in Table 1, at 0.2 A cm−2, the values of the Rct,hf of all plots are close. Despite
Ø100P40-75 (87.9 mΩ·cm2), other CCLGDLs all show a value around 100 ~ 110
mΩ·cm2. As for Rlf values, relating the land width information in Table 3, the
CCLGDLs with large land widths show apparently larger values (Ø300P20-75,
174.6 mΩ·cm2; Ø300P40-75, 169.2 mΩ·cm2) than the rest samples, which indicates
the second charge transfer arc is limited with the pattern morphology and a large
land width would hamper the low-frequency charge transfer. As discussed about
Movie S6, the gas release phenomenon may affect the TPB conditions of the catalyst
beneath the land. The hamper in kinetics agrees with the whole-cell Tafel slope
results of CCLGDL Ø300P20-75 (purple) and Ø300P40-75 (cyan) shown in Figure
28b (purple and cyan). Therefore, a smaller land width would contribute to the small
activation loss and a small pore size would be favorable for a smaller activation loss.
Diffusion loss: As reported by Lee et al., a better water diffusion through the PTL would
benefit the cell performances.183-184 For our CCLGDLs, taking the advantages of the thin
thickness and the straight-through pore structure,20 the water diffusion through the
CCLGDL would be much easier than conventional PTLs, which implies the main diffusion
issue of the CCLGDL design is the water diffusion to the reaction sites at the
PEM/CCLGDL interface. Usually, a diffusion arc would gradually show up and increase
with the increase of the current density and activation loss would not change significantly
when the current density exceeds the Tafel region.18, 185 Interestingly, as shown in Figure
35, the sizes of the first arcs in the normalized EIS plots barely change beyond the Tafel
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region, but the sizes of the second arcs tend to increase along with the increase of the
current density, which further validates the second charge transfer arc is influenced by
diffusion issue in the cell. As shown in Figure 30b, a third arc would appear when the
current density increases to 1.0 A cm−2 after 0.5 Hz (diffusion arcs normally appear at low
frequency region20), and this is believed to be the diffusion arc. Evidently, the turning point
frequency between the first and the second transfer arc is around 100 Hz at 1 A cm−2, which
is probably too large for a diffusion phenomenon, it also implies that both the first and the
second arcs could be charge transfer arcs. However, due to the shape of the spectra, even
with a Zw component added in the model, the 1 A cm−2 EIS cannot be well fitted, so the
value of the diffusion impedance cannot be presented. The discussion would be roughly
based on the sizes of the third arc at 1 A cm−2. As shown in Figure 30b, the third arc sizes
are obviously variant. With the same pore size, the diffusion arcs of the Ø300P20-75
(purple) and Ø300P40-75 (cyan) are obviously larger than the other CCLGDLs. With the
same porosity, CCLGDLs with smaller pore sizes would provide smaller land widths and
more pores in the 5-cm2 active area, which would contribute to smaller diffusion losses at
both current densities. More pores and smaller land widths are supposed to be favorable
for gas release from the reaction interface. A possible PEM dehydration gradient would
occur beneath the land area due to the limited water transport from the pore edges to the
inner regions under the continuous reaction. As water is the reactant for the OER, the
reaction kinetics from pore edges to inner regions would be probably affected by the PEM
dehydration gradient due to the reactant concentration difference,186 which further explains
why small pore size and small land width would contribute to low activation loss. Hence,
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the CCLGDL pattern with a better gas release would contribute to smaller activation and
diffusion losses in cell performance.
4.4.5 Impact of pattern morphology on ohmic loss
In the previous discussion on Figure 28a, we suggest that the gas release phenomenon
would result in the HFR increase along with the current density increase. To understand
the impact of different CCLGDL patterns on this HFR increase phenomenon, HFR values
of all CCLGDLs at two current densities (0.2 and 1.0 A cm−2) are listed in Table 2. The
relationship between the PEM/CCLGDL interface and the HFR values is demonstrated in
Figure 31a. With respect to the TPB requirement, only the catalyst at the PEM/CCLGDL
interface is considered active. Due to the PEM deformation from compression in the test
(as shown in Figure 36), the edge of the PEM/CCLGDL interface may extend into the
pore. As discussed about Movie S6, the gas release would separate the PEM/CCLGDL
interface. This indicates that when the current density increases, a CCLGDL with a large
PEM/CCLGDL interface is more likely to get influenced, resulting in a HFR increase.
Meanwhile, a CCLGDL pattern with a better interfacial gas release property is supposed
to help stabilize the HFR within the tested current density range. As shown in Figure 31a,
CCLGDL Ø100P40-75 (red) and Ø300P20-75 (purple) have similar PEM/CCLGDL
contact areas but the HFR increase in Ø100P40-75 is 1.8 mΩ·cm2, which is significantly
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Table 2 Parameters and HFR values (experimental data) of CCLGDLs with 75-nm Ir.
Sample
pattern

Total
pore edge
length
[cm]
786

HFR1
@ 0.2 A cm−2
[mΩ·cm2]

HFR2
@ 1.0 A cm−2
[mΩ·cm2]

HFR1&2
Difference
[mΩ·cm2]

Ø100P40

PEM/
CCLGDL
contact area
[cm2]a)
4.02

111.2

113.8

1.8

Ø200P40

3.40

406

119.7

123.1

3.4

Ø300P20

4.13

131

119.1

142.6

23.5

Ø300P40

3.25

270

121.0

127.7

6.7

Ø300P60
2.43
391
130.6
134.9
4.3
The contact area is calculated based on the pattern porosity and the PEM deformation as

a)

illustrated in Figure 36.
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smaller than that of Ø300P20-75 (23.5 mΩ·cm2). Figure 31b shows the relationship
between the total pore edge length and the HFR difference between 0.2 and 1.0 A cm−2. It
is observed that a larger total pore edge length would help better stabilize the HFR of a
PEMEC. A possible mechanism is that with a constant current density and a larger total
pore edge length, the gas flux through unit pore edge length could be smaller, which favors
the gas release from the PEM/CCLGDL interface, thereby facilitating the water access to
the reaction interface and helping maintain sufficient reaction sites. In addition, the longer
edge length provides more reaction sites on the edge, where is less affected by the mass
transport under the pore lands. As Kang et al. reported, all reaction sites are considered
parallel with each other in the circuit, and more reaction sites would decrease the ohmic
loss.18 Moreover, with a better gas release, adequate proton transport pathways can be
guaranteed , which would help suppress the HFR increase. As a result, when the current
density increases from 0.2 to 1.0 A cm−2, a CCLGDL with a larger total pore edge length
would give rise to a smaller HFR increase.
4.4.6 CCLGDL catalyst utilization
With the same amount of catalyst (same catalyst geometric loading per active area), the
currents supplied by different CCLGDLs at the same cell voltage would exhibit their
catalyst utilizations. As shown in Figure 32a, CCLGDL Ø200P40-98 (1.95 V at 2 A cm2

) has the same geometric loading as Ø100P40-75 (shown in Table 3) and exhibits the

same performance as Ø200P40-75. This result is consistent with the discussion in the
loading impact section. As a result, as shown in Figure 32b, the mass-specific current of
CCLGDL Ø200P40-98 would be lower than Ø200P40-75. Because CCLGDL Ø100P40100

Figure 31 (a) HFR values at 0.2 and 1.0 A·cm−2 with respect to the PEM/CCLGDL
contact area. (b) Total pore edge lengths of different CCLGDLs and their relationship
with the HFR difference between 0.2 and 1.0 A cm−2.
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Figure 32 (a) Polarization curves of CCLGDL Ø100P40-35, Ø100P40-75, and
Ø200P40-98 and their corresponding HFR plots in the current density range of 0 ~ 2
A cm−2. (b) Mass-specific current comparison of different patterned CCLGDLs.
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75 has the largest geometric catalyst loading as shown in Table 3, achieving the same
geometric loading as Ø100P40-75 of other CCLGDLs would only lower their catalyst
utilizations without enhancing their performances. Therefore, although the comparison of
catalyst utilization requires the same catalyst geometric loading, the catalyst utilizations of
different CCLGDLs could be represented by their mass-specific currents due to the fact
that performance would not be further improved after achieving the threshold thickness.
The mass-specific currents of CCLGDLs at the same cell voltage are presented in Figure
32. As shown in Figure 32b, all CCLGDLs (3.53 ~ 6.94 A mgIr−1) show better catalyst
utilization than CCM/TT-LGDL (0.34 A mgIr−1) and CCM/Ti felt (0.29 A mgIr−1).
In our previous discussions, we have already proved a close relationship between the
CCLGDL pattern and its activation, diffusion, ohmic resistance, and performance. The
variance of the Ir mass-specific currents of CCLGDLs should help us better understand the
impacts of the pattern. Figure 31b shows the catalyst utilization by estimating Ir massspecific currents of CCLGDLs at a cell voltage of 1.7 V. For all CCLGDLs with 75-nm Ir,
a larger porosity would contribute to a higher mass-specific current. Meanwhile, at the
same porosity, the pore size would not impact the mass-specific current significantly. As
shown in Figure 31b, the mass-specific currents of CCLGDL Ø100P40-35 (blue) and
Ø300P60-75 (pink) outperform other CCLGDLs. However, CCLGDL Ø300P60-75 (pink,
2.00 V at 2.0 A cm−2) exhibits a higher cell voltage than CCLGDL Ø100P40-35 (1.97 V
at 2.0 A cm−2) and Ø100P40-75 (1.90 V at 2.0 A cm−2), and it already reaches the threshold
thickness. The performance of CCLGDL Ø300P60-75 is limited by the reaction sites of
the CL due to its smallest PEM/CCLGDL contact area (2.43 cm2). The Ø100P40 pattern,
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benefiting from its largest total pore edge length (786 cm), decent PEM/CCLGDL contact
area, and small land width, exhibits the best cell performance even though its catalyst
utilization is similar to other CCLGDLs with the same porosity. Moreover, with these
benefits, Ø100P40-35 with a low loading of 0.08 mgIr cm−2 achieves a good mass-specific
current and an outstanding cell performance. As a result, to achieve a high catalyst
utilization, the CCLGDL pattern should have a large porosity. However, as discussed, a
large porosity would result in a loss in PEM/CCLGDL contact area and a trade-off between
the cell performance and the catalyst utilization would occur when the porosity is
increased. In addition, with the same porosity, a pattern with a larger pore size would have
a larger land width which might cause a diffusion issue. Therefore, to boost the catalyst
utilization and the cell performance at the same time, a small pore size would be favorable
for keeping a relatively large porosity without increasing the land width.
4.5 Conclusions
In this study, a set of catalyst-coated liquid/gas diffusion layers (CCLGDLs) with different
patterns and catalyst loadings were developed as anode electrodes in PEMECs with a facile
Ir electroplating process. First, the best-performing CCLGDL with 0.17 mgIr cm−2 (saving
~94% Ir from conventional CCMs) exhibited a cell performance of 1.90 V at 2 A cm−2
with N117 membrane at 80 °C. Moreover, a CCLGDL with an ultralow loading of 0.08
mgIr cm−2 achieved a low cell voltage of 1.97 V at 2 A cm−2, saving ~97% Ir and exhibiting
~24 times higher catalyst utilization at 1.7 V compared to conventional commercial
CCM/PTL design. The ionomer-free electrode design contributes to a low ohmic loss.
Second, a threshold thickness exists. In this study, exceeding a Ir thickness of 75 nm would
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not further enhance the CCLGDL performance. Third, the whole-cell Tafel results of
different CCLGDLs with the same Ir thickness unveil that the CCLGDL pattern
morphology impacts the reaction kinetics. Thus, for the first time, a special two-side
transparent cell was designed for the visualization of the anode in-situ reaction interface in
an operating cell. A high-speed camera would film the anode PEM/CCLGDL interface
through the membrane from the cathode side with the benefits of using CCLGDLs on both
anode and cathode. A gas accumulation and release phenomenon was captured beneath the
CCLGDL at the reaction interface. Fourth, the EIS results reveal that pattern morphology
would impact both the activation and diffusion losses in the cell, which is believed to be
related with the gas accumulation observed by the visualization system. Consequently, a
CCLGDL with a large land width (>150 µm) would suffer from significantly increased
diffusion loss, which would in turn undermine the process of catalyst activation. Fifth, the
high-frequency resistance (HFR) increases along with the current density. The gas
accumulation and release at the PEM/CCLGDL interface is believed to result in the HFR
increase. Sixth, a larger total pore edge length would help reduce the HFR increase by
facilitating the gas release at the PEM/CCLGDL interface.
The understanding of the CCLGDL pattern morphology's impact on cell performances
would help contribute to future electrode designs for PEMECs and other energy conversion
devices. With on-going research of optimization, the concept of CCLGDL exhibits great
potential for large-scale application and boosting the commercialization of PEMECs. Last
but not least, CCLGDL itself can not only serve as an electrode design with vast potential
but also as a promising tool for the research of in-situ reaction interfaces in SPE devices.
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4.6 Appendix
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Table 3. Parameters of CCLGDLs and baseline samples in this work

Ø100P40-125

0.28

Estimated Ir CL
thickness/
PTL thickness
[nm]/[µm]
125/50

Ø100P40-75

0.17

75/50

100

50

Ø100P40-35

0.08

35/50

100

50

Ø200P40-98

0.17

98/50

200

100

Ø200P40-75

0.14

75/50

200

100

Ø300P20-75

0.15

75/50

300

350

Ø300P40-75

0.12

75/50

300

150

Ø300P60-75

0.10

75/50

300

75

CCM/TT-LGDL
Ø100P40

3

20000/50

−

−

CCM/Ti felt

3

20000/350

−

−

SAMPLE
PATTERN

Geometric
loading
[mgIr cm−2]
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Pore
diameter
[µm]

Land width
[µm]

100

50

In-cell performance comparison between different electrode designs

Figure 33. Polarization curves and HFR plots of three electrode designs: CCM/Ti felt,
CCM/TT-LGDL Ø100P40, PEM/CCLGDL Ø100P40-75. HFR-free polarization
curves based on the HFR plots.
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Visualization system

Figure 34. Schematic of specially designed two-side open-window cell. With the
employment of CCLGDLs on both anode and cathode sides, the visualization system
can capture the phenomena at the anode PEM/CCLGDL interface by observing from
the cathode through a N115 membrane (thin thickness would grant better imaging).
The system could provide in-situ reaction information at the interface. The Pt
CCLGDL is fabricated from electroplating Pt on Ø400P40 TT-LGDL.
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Normalized HFR-free EIS plots

Figure 35. Normalized HFR-free EIS plots of CCLGDL Ø200P40-75 and Ø300P2075.
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Tapered structure impact on PEM/CCLGDL contact area
Since the pore structure is tapered, an active area on pore wall is also recognized with the
help of high-speed visualization system. As shown in Figure 36a-c, from the oxygen
bubble generation site location (marked in red) we could measure a general width of the
active pore wall area to be ~12 µm. The PEM itself will deform when compressed and
extend into the pore as illustrated in Figure 36d, where a certain area on the pore wall
would also be active because of the deformation and extension of the PEM, where would
also be considered as PEM/CCLGDL contact area.
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Figure 36.

(a-c) High-speed video snapshots with time intervals showing that

deformed PEM would extend into the pore from the pore edge. Catalyst on such area
becomes active. The PEM extension area width is measured from the distance
between the oxygen bubble generation site to the edge of the pore. (d) illustration of
the PEM deformation. The detailed information can be checked through Movie S5.
Scale bar: 100 µm.
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Raw EIS data of 75 nm Ir coated CCLGDLs with different patterns

Figure 37. EIS results of different patterned CCLGDLs at (a) 0.2 A cm−2 and (b) 1 A
cm−2. In the top row, CCLGDLs share the same pore size of 300 µm but different
porosities of 20%, 40%, and 60%. In the bottom row, CCLGDLs share the same
porosity of 40% but different pore sizes of 100, 200, and 300 µm.
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TT-LGDL substrates

Figure 38. SEM images of TT-LGDLs chosen as the substrates of thin CCLGDLs. “Ø”
refers to the diameter in the unit of “µm” and letter “P” refers to “porosity” in the
unit of “%”. The cross-section image is from Ø200P40. All the TT-LGDLs share the
same thickness of 50 µm.
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Surface treatment

Figure 39. Oxalic acid treatment would not affect the porosities and pore sizes of the
LGDLs as substrates confirmed by SEM images. (a, b) fresh TT-LGDL Ø100P40, and
(c, d) TT-LGDL Ø100P40 after acid treatment. Acid treatment: 0.1 N oxalic acid
treated at 90 °C for 20 min.
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Figure 40. (a) EDS mapping images of CCLGDL Ø100P40-75. Scale bar: 100 µm. (b)
EDS spectrum and the corresponding SEM image of selected area. Scale bar: 100 µm.
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Figure 41. (a) TEM image showing the cross-section of a CCLGDL.

(b) EDS

spectrum from the Ir catalyst layer; quantification showed that the catalyst layer
contains 99.4 atom% Ir balanced with oxygen.
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CHAPTER FIVE
ULTRATHIN PLATINUM NANOWIRE BASED ELECTRODES FOR
HIGH-EFFICIENCY HYDROGEN GENERATION IN PRACTICAL
ELECTROLYZER CELLS
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5.1 Abstract
Significant reduction of noble metal catalyst loading and simplification of electrode
fabrication are urgently needed in order to lower the cost of proton exchange membrane
electrolyzer cells (PEMECs) for large-scale hydrogen production. Herein, we report an
integrated electrode design comprising in-situ grown platinum nanowires (PtNW) on
ultrathin titanium liquid/gas diffusion layers (LGDLs) via a cost-effective and green
chemical synthesis approach. The ultrathin integrated PtNW electrodes showed a low cell
voltage of 1.643 V and high efficiency of 90.08% at 1000 mA cm−2 using about 15 times
lower catalyst loadings than a conventional catalyst-coated membrane in PEMEC tests. Exsitu electrochemical characterizations and microscale visualizations further reveal that
PtNW electrodes display highly efficient hydrogen evolution reactions and excellent
electrode durability due to high active surface area, favorable bubble detachment, and
structural stability. This work provides new insights into catalyst layer design and facile
ultrathin electrode fabrication for more compact and low-cost PEM electrolyzers, fuel cells
and other systems.
5.2 Introduction
Electrocatalytic water splitting is currently attracting enormous research attention as a
potential strategy to produce hydrogen as a clean energy carrier with high energy density.10,
187-191

Compared to conventional alkaline electrolysis, proton exchange membrane

electrolysis (PEMEC) is a promising technique to generate hydrogen from intermittent
renewable energy resources with higher hydrogen purity and energy efficiency through
hydrogen evolution reaction (HER) at cathode.163, 165, 192-194 Typically, a catalyst coated
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membrane (CCM) is employed in a PEMEC. For a CCM, catalyst inks are directly applied
to the surface of the membrane via spraying, painting, spading or decal transfer to form
either the anode or cathode catalyst layer (CL).91, 195-197 Conventionally, CCM and the gas
diffusion layers (GDL), which serve as the electrodes in a PEMEC, are called membrane
electrode assembly (MEA). In contrast to the conventional MEA design, a gas diffusion
electrode (GDE) is formed by applying the catalyst ink to the gas diffusion layer (GDL).
In our previous research, with the help of a long-working-distance, high-speed micro
visualization system and a wet-etched novel Ti thin LGDL, J. Mo et al. found that HER is
more active at the interface where the CL and the GDL physically contact, which could be
explained by the triple phase boundary theory (TFB). Limited by the TFB requirements,
the gas diffusion electrode (GDE) design could have a higher catalyst mass activity than
conventional CCM design.21, 29
Due to its high catalytic activity in acidic media, Pt is the most commonly used catalyst for
HER.198-199 As Pt is a scarce metal, improving the catalyst utilization and reducing the
catalyst loading are essential for cost savings for large-scale applications.123, 200 Some
research has focused on non-precious catalysts, but the performances are not competitive
to platinum-based catalysts.201-202 For example, J.H. Kim et al. sputtered MoS2 on the
carbon fiber paper for HER GDE design, yet the cell voltage in a PEMEC under 90 °C at
0.64 A cm−2 was 2 V. At present, sputtering and electroplating techniques are widely used
for GDE fabrication, these methods are easy to execute and applicable for a large variety
of both cathode and anode catalyst materials.38-39 However, they suffer from drawbacks
when the GDE fabrication scales up. Sputtering requires a high-vacuum working
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environment and its limitation to the dimensions of the samples hinders its large-scale
application. Electroplating usually demands additional DC power facilities, and the multistep fabrication process is complicated and time-consuming. However, wet chemical
synthesis is a simple and controllable approach to fabricate CLs with the flexibility to
create a range of nanostructures which can deliver large electrochemically active surface
area (ECSA) along with a higher catalyst utilization.40 J. Lim et al. stated that a large aspect
ratio of the nanostructures would enhance the performance by improving the electric
conductivity,41 suggesting the great potential of nanowire structures. At present, many
chemically synthesized Pt nanostructures have been published for electrocatalyst
applications.42-46 Among them, J. Chen et al., introduced a so-called polyol process for
single-crystal nanowires synthesis in an ethylene glycol environment under 110 °C
temperature, and this work inspired many other researchers 47-49. However, these reported
platinum nanostructures are all synthesized in organic solvents at elevated temperatures,
some up to 170 °C. For industrial applications, a low-temperature chemical synthesis of
nanostructured catalysts in an aqueous solution would be highly desirable.
Currently, most GDE researches have focused on carbon-based substrates (carbon fiber
paper, graphene, carbon nanotubes, etc.). For example, J.H. Kim et al. sputtered MoS2
directly onto the surface of carbon fiber paper for HER GDE fabrication.203 Y.H. Kwok et
al. fabricated porous electrodes with Ru@Pt core-shell nanoparticles on the graphenecarbon nanotube composite.204 In these cases, catalysts were loaded not only on the contact
surface with the PEM, but also inside the diffusion media due to their porous structures.
Catalyst inside the diffusion layer, lack of proton transport pathways, would not be able to
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create an ideal environment for the reaction to proceed, which will lead to lower catalyst
utilization. A thin GDL substrate with a planar surface should be preferable for a GDE
design. Z. Kang et al., used a GDL based on a novel thin titanium GDL (called TT-LGDL)
with a flat surface and regular pore morphologies, then fabricated a thin GDE by directly
sputtering a 40-nm thin layer of platinum on the GDL and achieved good performance.171
In this study, using a novel HER GDE fabrication method, platinum nanowires were
chemically synthesized on titanium substrates through a surfactant-free process in an
aqueous environment at room temperature. To our knowledge, the in-situ growth of
platinum nanowires on titanium substrate has never been reported. This simple and costeffective method possesses a great potential for large-scale application at an industrial level.
Platinum nanowire/titanium as HER electrodes were investigated through a three-electrode
system for ex-situ electrochemical performances in terms of activation overpotential,
ECSA, and stability. For the first time, thin Pt nanowire GDE with a low catalyst loading
was integrated into the PEMEC, demonstrating a low cell voltage of 1.643 V and high cell
efficiency of 90.08% at 1000 mA cm−2, superior to the conventional MEA design.
Additionally, by adapting TT-LGDLs for GDE substrate material, the electrode thickness
can be reduced from several hundred µm to only 25 µm, which would be beneficial for a
compact stack design in the future. Our work sheds light on the development of GDEs,
with ultra-low loading of catalysts and high catalyst mass activity for water electrolysis
and fuel cell devices, and the potential to be expanded to other electrochemical energy
conversion systems.
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5.3 Experimental Section
5.3.1 In-situ growth of Pt nanowires on thin titanium substrate
Thin titanium substrates were first cleaned thoroughly by sonication in acetone, ethanol
and deionized (DI) water for 15 min in each step. Titanium substrates were immersed into
an aqueous solution (20 mL) containing 3 mM, 0.6 mM, 0.3 mM or 0.15 mM H2PtCl6 and
1 mL formic acid and kept still at room temperature for 16 h. Afterwards, the PtNW/Ti
electrodes with different catalyst loadings were obtained by rinsing with DI water at least
five times, followed by drying in the vacuum oven overnight. The determined Pt mass
loadings of PtNW/Ti electrodes were 0.910, 0.220, 0.110 and 0.045 mg cm−2. For
convenience, the samples were denoted as PtNW/Ti (0.910 mg cm−2), PtNW/Ti (0.220 mg
cm−2), PtNW/Ti (0.110 mg cm−2) and PtNW/Ti (0.045 mg cm−2) hereinafter.
5.3.2 Materials characterization
The surface morphology and composition of the PtNW GDE were characterized by a field
emission SEM JEOL JSM-6320F, which is equipped with energy-dispersive X-ray
spectroscopy (EDS) Octane plus Silicon Drift Detector. The nanostructure and crystalline
structure of Pt nanowires were identified by scanning transmission electron microscopy
(STEM) on a probe-corrected JEOL NEOARM operated at an accelerating voltage of 80
kV. Aberration-corrected STEM images were acquired using both a secondary-electron
(SE) and high-angle annular dark-field (HAADF) detector. X-ray photoelectron
spectroscopy (XPS) measurements were carried out for surface chemistry characterization
of PtNW GDE on a Thermo Scientific K-α spectrometer.
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5.3.3 Electrochemical measurements
HER performance evaluation for Pt nanowires grown on Ti substrate (denoted as PtNW/Ti
hereafter) with various mass loadings was conducted in de-aerated 0.5 M H2SO4 electrolyte
using a standard three-electrode system. Prior to HER measurements, the electrolyte was
de-aerated with continuous bubbling of high-purity Ar for 1 hour. In a typical threeelectrode system, a Pt foil and the Ag/AgCl reference electrode were used as the counter
electrode and the reference electrode, respectively. It should be noted that Pt foil was used
as counter electrode instead of commonly used graphite rod when catalytic performances
of pure Pt catalysts were studied in our case. One of the main reasons is that a recent
publication experimentally verified that unavoidable severe graphite rod corrosion can
form poisonous CO molecules during HER, which could be strongly adsorbed onto the
catalytic Pt sites of pure Pt based catalysts and thus result in rapid loss of their catalytic
activities during the HER performance evaluation after only a few voltammetry cycles.205
The other reason is that graphite rod cannot withstand long-term high-current operation
conditions for catalytic activity and stability evaluations. The as-prepared PtNW/Ti and
sputtered Pt/Ti samples were used as working electrodes. All the ex-situ electrochemical
measurements were carried out on a Potentiostat (SP300, Bio-Logic). The linear sweep
voltammetry (LSV) measurements were performed from 0 to −0.7 V at a scan rate of 5 mV
s−1. Chronopotentiometry (CP) measurements of working electrodes were conducted under
a constant current density of −100 mA cm−2 for 10 hours. The electrochemical impedance
spectroscopy (EIS) results were obtained in the frequency range from 100 KHz to 50 mHz.
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5.3.4 Visualization characterization
A high-speed, micro-scale visualization system was deployed to capture the
electrochemical reactions on different HER electrodes. This system includes a Phantom
v711 camera providing 1280 × 800 resolution at 4000 fps recording rate and a microscope
system with a micro-scale lens assembly and a zoom lens body enabling a long working
distance. The three-electrode system was set up in a clear cuboid glass container for the
visualization. PtNW/Ti and sputtered Pt/Ti electrodes were fixed vertically in the
electrolyte. High-speed videos for bubble generation, growth and detachment were filmed
under current densities of 10, 50, 100, and 200 mA cm−2.
5.3.5 PEMEC assembly
For the assembly of the PEMEC, the thin PtNW GDE (5 cm2) was sandwiched between
non-catalyst-coated PEM surface and graphite-made bipolar plate (AXF-5Q) with parallel
flow channels at cathode side, and a conventional commercial CCM (Single side EZ-CCM,
FuelCellEtc) with 3 mg cm-2 IrRuOx catalyst at anode side and Nafion 115 PEM was
adopted. The whole PEMEC was compressed by two commercial grade stainless steel
made endplates with eight evenly distributed 1/4-20 bolts (4.52 N∙m of torque).
5.3.6 In-situ cell performance evaluation of the PEMEC
All the in-situ cell tests were carried out in a PEM electrolyzer cell with 5 cm2 active area.
The operation conditions include 80 °C and under atmospheric pressure at both anode and
cathode, and water flow rate of 20 ml min−1 at anode side. A Potentiostat (VSP/VMP3B100, Bio-Logic) was used to record the polarization curves. The electrochemical
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impedance spectroscopy (EIS) plots were obtained in the frequency range from 10 KHz to
50 mHz under a current density of 0.2 A cm−2. As the baselines, commercial CCMs with
IrRuOx (3.0 mg cm−2) at the anode, Pt black (3.0 mg cm−2) or Pt/C (0.2 mgPt cm−2) at the
cathode, and Nafion 115 with a thickness of 127 µm as the PEM were tested in the PEMEC.
For thin PtNW GDE tests, single side CCMs coated with 3.0 mg cm−2 IrRuOx at the anode
were used.
5.4 Results and Discussions
The room-temperature synthesis of Pt nanowires grown on thin titanium planar support
was schematically illustrated in Figure 42a. In brief, the titanium planar support was
immersed into the aqueous solution containing H2PtCl6 as platinum precursor and formic
acid as reducing agent. During the synthesis, the Pt precursor is chemically reduced into
multiple-oriented tiny Pt nanocrystals at a slow rate by formic acid, forming the nucleation
layer on titanium planar support. It is previously reported that formic acid (HCOOH) can
self-decompose into CO molecules and H2O in the presence of noble metals.206-207 It is well
known that CO molecules can strongly bind to the specific planes of noble metals to
confine their growth, which might be favorable for anisotropic growth of nanowire-like
structure. In the absence of surfactants or stabilizers during the synthesis, the surface
energy of individual Pt nanowires is high and thus tend to be self-assembled into 3D
nanowire assemblies to minimize the total surface energy. Based on our experimental
results, without Ti metal support, free-standing Pt nanowires can also be obtained under
the same synthesis conditions. In addition, Pt nanowires can be in-situ grown onto the
carbon fiber paper and commercial Nafion membrane as well. Thus, the Ti metal substrate
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would not affect the formation of Pt nanowires, which only functions as a chemically stable
substrate to support the growth/deposition of Pt nanowires in a weak acidic synthesis
environment (pH = ~1.8). In addition to the Ti substrate, we found that the Pt nanowires
are not able to grow/deposit onto pure Cu and Ni metals because these substrates are not
chemically stable and corroded quickly. This implies that the prerequisite for the successful
growth/deposition of Pt nanowires onto metallic substrates is the high chemical stability of
metals in an acidic synthesis environment in our case. Our research work is still ongoing
to better understand Pt nanowire growth mechanism on titanium substrate. To our
knowledge, this is the first report on room-temperature growth of Pt nanowires directly on
metallic substrates. It is worth noting that the entire synthesis process is simple, costeffective and environment friendly, without requirements of pH control, organic
solvent/additive and elaborate equipment, which makes it easily scalable for future
industrial applications in various genres of electrochemical devices.
Figure 42b shows the comparison between the conventional GDE design and our
thin PtNW GDE design for HER in a real PEMEC. For large-scale applications,
conventional GDE designs require high Pt loadings due to relatively low mass activity,
which is mainly ascribed to low ECSA of sputtered or electrodeposited Pt nanoparticles.
Moreover, catalyst located within the 3D porous gas diffusion media (e.g. carbon fiber
paper, Ti felt), without contacting PEM, cannot meet the TFB requirement and thus result
in overall poor catalyst utilization. In addition, the spraying, sputtering and electroplating
methods require elaborate equipment or complicated fabrication process, which poses big
challenges to industrial applications. The novel integrated Pt nanowire GDE (denoted as
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Figure 42. Schematic illustrations of (a) one-step green synthesis of Pt nanowires insitu grown on planar metal support, and (b) advantages of thin PtNW GDE design (~
25 µm) over conventional GDE (~ 300 µm) for the PEMEC.

129

PtNW GDE), in which Pt nanowires are in-situ grown on unique thin LGDL, overcomes
these limitations by maximizing catalyst utilization and greatly enhancing mass activity in
a real PEMEC.
Figure 48a and b (in appendix 5.6) display typical SEM morphology of Pt nanowires insitu grown on Ti substrate. The ultrafine nanowires are self-assembled into flower-like
structure and fully cover the entire surface of Ti substrate. The diameter of individual
nanowires is estimated to be only about 5 nm. The loadings of Pt nanowires can be well
regulated by simply tuning the platinum precursor concentrations during the synthesis
process.
As a proof of concept, we couple Pt nanowire catalyst layer with a unique 25 µm thick
LGDL for integrated thin PtNW GDE design in the PEMEC. From our previous study, thin
LGDLs with triangular straight-through pores showed better cell performance than LGDLs
with circular pores on the conventional CCM in the PEMECs.19 Therefore, combination of
triangular LGDLs with highly active and stable PtNW would be expected to enhance HER
performance in pratical electrolyzer cells. Benefitting from micro/nano-manufacturing
technology, thin titanium LGDLs with uniformly distributed triangular pores, and tunable
porosities were manufactured with lithographically-pattered resist masks, followed by
chemical wet etching of titanium foils.21 The optical images in Figure 43a displays the
uniform triangular pores of thin LGDL (pore size: ~400 µm, moderate porosity: 50%). It
should be noted that the inset SEM image shows that thin LGDL has a relatively smooth
surface. Figure 43b shows the SEM image (SE-STEM inset) of thin PtNW GDE with only
0.045 mg cm−2 catalyst loading. It is clearly observed that LGDL surface is completely
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Figure 43. (a) Optical image (SEM image inset) of thin LGDL with uniform triangular
pores. (b) SEM image (SE-STEM inset) of a typical thin PtNW GDE. (c) and (d) The
corresponding SEM-EDS mapping images of Ti and Pt. (e) Cross-section SEM image
of thin PtNW GDE (EDS mapping inset). (f) High-resolution XPS spectrum of Pt 4f.
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covered by catalyst layer, which is composed of individual Pt nanowires with an average
diameter of ~5 nm. The EDS elemental mappings in Figure 43c and Figure 43d further
confirm the full coverage of Pt nanowire catalyst layer on LGDL surface, which is also
evidenced by the strong Pt signal in the EDS spectrum in Figure 51. The cross-section
SEM image of thin PtNW GDE (EDS mapping inset) in Figure 43e confirms the electrode
thickness of integrated PtNW GDE is only about 25 µm. To further study the surface
chemistry properties of PtNW, the XPS analysis was conducted to provide more
information about valance states and chemical compositions. Figure 43f shows the highresolution XPS spectrum of Pt 4f. It is clearly observed that there are two sharp peaks with
binding energies of 71.28 and 74.53 eV, corresponding to the formation of metallic Pt-Pt
bonds. It is also noticed that a very minor fraction of Pt-oxide is present in Pt nanowires,
which is possibly due to the exposure of catalysts to air.
Figure 44 shows the morphology and nanostructure comparison of thin PtNW electrode
before and after electrochemical stability test at 100 mA cm−2 for 10 h. The SE-STEM
image in Figure 44a reveals the PtNW electrode is composed of numerous ultrathin
nanowires. The associated high-angle annular dark-field (HAADF) STEM images in
Figure 44b and c indicate a uniform diameter of ~ 5 nm and presence of predominant lowindex crystal facets of (200) and (111) for nanowires, as evidenced by the d-spacings of
0.195 and 0.225 nm, respectively. In the future, precise control of high-index facets growth
will be investigated in order to further optimize the catalytic activities of PtNWs. To further
study the structural stability of PtNW electrode, SE-STEM and HAADF-STEM
characterizations of thin PtNW electrode after stability test were performed. As seen from
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Figure 44. Morphology and nanostructure comparison before and after
electrochemical stability test. (a) SE-STEM image of fresh thin PtNW electrode and
(b, c) corresponding HAADF-STEM images. (d) SE-STEM image of thin PtNW
electrode after stability test and (e, f) corresponding HAADF-STEM images.
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Figure 44d, the nanowire structure still maintained. In addition, the associated HAADF
images in Figure 44e and f further confirmed that no obvious changes of crystallinity and
crystal facets after stability test. Therefore, our post-durability analysis indicates that thin
PtNW electrode possesses an excellent structural stability during the electrochemical
stability test under a high current density of 100 mA cm-2 over 10 h, which would benefit
its integration into a real PEM electrolyzer cell for hydrogen generation.
Figure 45 shows ex-situ electrochemical characterizations of PtNW/Ti electrodes with
different Pt loadings and sputtered Pt/Ti. We chose sputtered Pt/Ti as a control because
sputtering method is one of the most commonly applied approaches to fabricate Pt-based
electrodes for applications in water electrolysis and fuel cells.208-210 The LSV polarization
curves were first recorded to determine the overpotentials at specific current densities. As
shown in Figure 45a, PtNW/Ti (0.220 mg cm−2), PtNW/Ti (0.110 mg cm−2), PtNW/Ti
(0.045 mg cm−2) electrodes show small overpotentials of 63, 67 and 70 mV at a high current
density of 100 mA cm−2, respectively. Even at a higher current density of 200 mA cm−2,
their overpotentials are still as low as 71, 83 and 83 mV, respectively, which are much
smaller than those of sputtered Pt/Ti electrode (104 mV), pure Pt foil (203 mV) and
commercial 20% Pt/C catalyst (~200 mV) in the literatures.199, 211-214 The corresponding
Tafel plots in Figure 45b also indicate that the PtNW/Ti electrodes with various Pt
loadings have smaller Tafel slopes of ~35 mV dec−1 than that of sputtered Pt/Ti (38 mV
dec−1). These results demonstrate the superior catalytic activity of PtNW/Ti over sputtered
Pt/Ti. To further investigate the origin of enhanced HER catalytic activities of
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Figure 45. Electrochemical performance characterizations. (a) LSV polarization
curves of Pt NW/Ti with various Pt loadings and sputtered Pt/Ti. (b) The
corresponding Tafel plots. (c) Mass activity comparison with various Pt-based
catalysts at overpotential of 100 mV in 0.5 M H2SO4 electrolyte. (d) Electrode
durability comparison between PtNW/Ti and sputtered Pt/Ti electrodes at 100 mA
cm−2.
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PtNW/Ti electrodes compared to sputtered Pt/Ti, the ECSA, generally proportional to Cdl,
has been studied as well. The Cdl values of PtNW/Ti and sputtered Pt/Ti are determined
from the CV measurements under scan rates from 20 to 100 mV s−1, as shown in Figure
49a, and Figure 49b. The calculated Cdl value for PtNW/Ti electrode was 5.23 mF cm−2,
which is much larger than that of sputtered Pt/Ti (0.86 mF cm−2). This result indicates that
the PtNW/Ti electrode displays a higher ECSA than that of sputtered Pt/Ti. Its higher
ECSA offers the possibility of better catalyst utilization in the PEMEC compared to
conventional MEAs composed of agglomerated Pt black nanoparticles with Nafion skin as
a cathode catalyst layer. The mass activity comparison with various Pt-based
catalysts/electrodes at overpotential of 100 mV in 0.5 M H2SO4 electrolyte is shown in
Figure 45c. It is found that PtNW/Ti (0.045 mg cm−2) displays a high mass activity of 6.67
A mg−1, exceeding most of Pt-based electrodes in the literature.215-219
The electrochemical stability of PtNW/Ti (0.110 mg cm−2) in 0.5 M H2SO4 electrolyte was
evaluated by CP testing at a high current density of 100 mA cm−2 for 10 h. As seen from
Figure 45d, the PtNW/Ti can maintain a small overpotential of about 63 mV after 10 h,
showing neglectable voltage decay at 100 mA cm−2. On the contrary, the overpotential of
sputtered Pt/Ti electrode with the same Pt loading was increased from 91 mV to 113 mV
under the same current density of 100 mA cm−2, displaying a poor electrode durability
compared to the PtNW/Ti electrode. The excellent electrode durability of PtNW/Ti enables
its practical application as a cathode for HER in the PEMEC, which is usually operated
under high current densities up to 1000 mA cm−2 in industry.
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To further explore the origin of electrochemical performance differences, we used highspeed and microscale visualization system to observe the electrochemical reactions on
different HER electrodes, as shown from Figure 46a to Figure 46h. Under current
densities from 10 to 200 mA cm−2, the number of generated hydrogen bubbles on the PtNW
electrode surface is four times larger than the sputtered Pt, indicating more electrochemical
reaction sites on the PtNW electrode. As shown in Figure 46i and Figure 46j, with the
increase of current densities from 10 to 200 mA cm−2, the bubbles on sputtered Pt electrode
under 10 and 50 mA cm−2 are mainly distributed at 50 ~150 µm, and gradually grow to 150
~ 250 µm under 100 and 200 mA cm−2. These large hydrogen bubbles could cover many
active sites on the sputtered Pt surface and thus lead to larger overpotential compared to
PtNW electrode. However, the hydrogen bubbles on PtNW electrode surface are largely
distributed at <100 µm and easily detached from the electrode surface, thereby resulting in
more exposed active sites to the surrounding electrolyte. Figure 50 shows the time
dependence of potential under constant current density of 200 mA cm-2. It is found that
PtNW electrode exhibits much smaller potential fluctuation over time than sputtered Pt
electrode, demonstrating the superiority of nanowires over nanoparticles in electrocatalytic
water splitting.
Regarding the structural effect of the nanowire for controlling the “dead zones” or bubble
coverage, previous studies have demonstrated that the nanostructures such as nanowire and
nanoarray possess under-water superaerophobic surfaces. These surfaces have the bubble
contact angle of larger than 150°, and they can effectively promote quick removal or
detachment of as-formed small hydrogen bubbles from the electrode surface during HER.
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Figure 46. High-speed micro-scale visualization of hydrogen bubble dynamics on
electrode surfaces of (a-d) sputtered Pt and (e-h) PtNW from 10 to 200 mA cm−2. Size
distributions of hydrogen bubbles on the (i) sputtered Pt and the (j) PtNW electrodes.
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Therefore, the “dead zones” or bubble coverage on the electrode surface can be effectively
reduced, resulting in a lower overpotential for HER.46 For instance, Li et al. reported that
electrodeposited pine-shaped Pt nanoarray showed an under-water superaerophobicity, as
evidenced by a smaller hydrogen bubble adhesive force and a higher bubble contact angle
(161.3°) in comparison with Pt nanosphere and flat Pt electrodes.214 In addition, as reported
in the literatures, the increase of surface roughness can decrease the contact area for the
hydrogen bubbles on the electrode surface, thereby resulting in the decreased adhesive
force to bubbles and fast bubble removal rate.46,

214

Similar to the above reported

nanostructures, the Pt nanowire nanostructure with a high surface roughness is expected to
help reduce the “dead zones” or bubble coverage on the electrode surface during HER,
which is believed to be one of the major reasons why PtNW/Ti electrode performs well
compared to Pt nanoparticle electrode in our study.
Figure 47 shows the in-situ cell performance characterizations tested at 80 °C. As the
baselines, the performances of two conventional MEAs with a 3.0 mgPt cm−2 Pt black and
0.2 mgPt cm−2 Pt/C cathode catalyst layers on Nafion 115 membrane are presented as well.
Figure 47a shows the performance comparison of thin PtNW GDEs and two conventional
MEAs with different Pt loadings. As a result, thin PtNW GDEs with low catalyst loadings
of 0.1 and 0.2 mgPt cm−2 show low cell voltages of 1.689 V and 1.643 V with the cell
efficiencies of 87.62% and 90.08% at 1000 mA cm−2 in the PEM electrolyzer cell,
respectively, outperforming the performances of a conventional MEA with a 3.0 mgPt cm−2
Pt black cathode catalyst layer (1.745 V and 84.81% cell efficiency at 1000 mA cm−2) and
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Figure 47. In-situ cell performance evaluation at 80 °C. (a) Performance comparison
of the PEMEC with integrated PtNW GDEs and conventional MEAs with different
Pt loadings. (b) EIS plots, recorded under 0.2 A cm−2.
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a MEA with a 0.2 mgPt cm−2 cathode catalyst layer (1.846 V and 80.17% cell efficiency at
1000 mA cm−2) in our study. These results demonstrate that thin PtNW GDEs with
significantly reduced catalyst loadings can achieve superior cell performance than
conventional MEAs in the tested current density region. The catalyst mass activity
comparison per Pt mass loading at the cell voltage of 1.6 V indicates high catalyst mass
activities of 6.92 A mgPt−1 and 3.99 A mgPt−1 for PtNW GDEs with catalyst loadings of 0.1
and 0.2 mgPt cm−2, respectively. On the contrary, the conventional MEAs with 3 mgPt cm−2
Pt black catalysts and 0.2 mgPt cm−2 Pt/C catalysts show low catalyst mass activities of
0.173 A mgPt−1 and 2.03 A mgPt−1, respectively. As seen from Table 4, cell performances
of ultrathin integrated PtNW GDEs with significantly reduced catalyst loadings outperform
most of cell performances with higher catalyst loadings in the literatures.53, 55-56, 220-223 The
above results suggest that a PtNW GDE design in this work can effectively reduce the
catalyst loading and meanwhile achieve significantly improved catalyst utilization, thereby
leading to the total cost reduction associated with catalyst consumption and electrode
fabrication for hydrogen production in large-scale PEM water electrolyzers.
Figure 47b depicts the electrochemical impedance spectroscopy (EIS) plots of thin PtNW
GDEs and conventional MEAs. All EIS plots are composed of only one semi-arc,
suggesting that mass transport loss can be neglected under a current density of 0.2 A cm−2.
It is well known that the left intercept at the high frequency region in EIS plots mainly
represents the ohmic resistance of the PEMEC. By comparison, the ohmic resistances for
the PEMEC with thin PtNW GDE (0.1 mgPt cm−2) and PtNW GDE (0.2 mgPt cm−2) are
about 0.129 and 0.119 Ω·cm2, respectively, significantly lower than the conventional
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MEAs with 3 mgPt cm−2 Pt black cathode catalysts (0.252 Ω·cm2) and 0.2 mgPt cm−2 Pt/C
cathode catalysts (0.355 Ω·cm2). Such large ohmic resistance decrease with PtNW GDEs
can be attributed to the synergic effects of excellent electric conductivity and large active
surface area of Pt nanowire catalyst layer and unique thin LGDL with significantly reduced
total interfacial contact resistance compared to the conventional MEA in the PEMEC.
Specifically, the thin PtNW GDEs gave rise to better cell performances over conventional
MEA due to the following possible reasons: (1) The in-situ grown Pt nanowires on thin
LGDLs with planar surfaces could eliminate the interfacial contact resistance between
catalyst layers and LGDLs, and meanwhile decrease the internal electric resistance within
the thin ionomer-free PtNW catalyst layer. On the contrary, the catalyst layer (15~20 µm
thick) in conventional MEAs is composed of large, agglomerated Pt particles with nonconductive Nafion skin/binder, which would increase the internal electric resistance within
the catalyst layer and the interfacial contact resistance between catalyst layers and
conventional GDLs. (2) Planar surfaces of thin LGDLs could provide better interfacial
contact between thin PtNW GDEs and bipolar plates, further reducing the total interfacial
contact resistance in the cell.
5.5 Conclusions
In this study, we have developed a new high-efficiency electrode with significantly reduced
catalyst loadings for low-temperature PEM water electrolysis, by taking advantage of an
in-situ grown platinum nanowire catalyst layer coupled with a unique thin LGDL.
Electrochemical characterizations and visualizations reveal that the PtNW electrode
exhibits outstanding catalytic activities, electrode durability and favorable bubble
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dynamics even at high current densities for HER in aqueous acidic electrolyte. To
demonstrate its practical application in the PEMEC with solid electrolyte of Nafion 115,
thin PtNW GDE with a low catalyst loading of only 0.2 mg cm−2 was integrated into the
PEMEC for the first time. A low cell voltage of 1.643 V and high cell efficiency of 90.08%
at 1000 mA cm−2 were achieved, superior to the state-of-the-art PEMEC performance with
high Pt loadings. The improved cell performance is mainly ascribed to the combination of
desirable structural and electrical properties, large active surface area of the PtNW catalyst
layer and greatly reduced ohmic losses from the thin LGDL. More importantly, our onestep room-temperature catalyst layer synthesis on thin LGDLs can greatly reduce the
electrode cost comparing to catalyst coating process (spraying/sputtering) for CCM or
other GDE fabrication methods (electroplating/sputtering). This novel electrode
architecture and fabrication approach coupled with green chemical synthesis and thin
LGDL design opens new pathways to develop high-efficiency electrodes with significantly
improved catalyst utilization and reduced cost for next-generation electrochemical energy
storage/conversion systems.
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5.6 Appendix
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Figure 48. SEM images of typical PtNW catalyst layers grown on planar titanium
support with a platinum precursor concentration of 3 mM.
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Figure 49. (a, b) CV curves of Pt NWs/Ti and sputtered Pt/Ti with a Pt loading of
~0.110 mg cm−2. (c) Charging current density differences plotted against scan rates.
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Figure 50. Time dependence of potentials of PtNW/Ti and sputtered Pt/Ti electrodes
under the constant current density of -200 mA cm-2.
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Figure 51. The EDS spectrum of thin PtNW GDE.
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Table 4. Cell performance comparison of ultrathin integrated PtNW GDEs with the
literatures.
MEA type:
Cathode
Thin
PtNW GDE
Thin
PtNW GDE
CCM
CCM
CCM
CCM
CCM
CCM
CCM
CCM
CCM
CCM

Anode
catalyst
[mg/cm2]
3.0
Ir0.7Ru0.3Ox
3.0
Ir0.7Ru0.3Ox
3.0
Ir0.7Ru0.3Ox
2.5
IrO2
3.0
RuO2/SnO2
3.0
RuO2
3.0
Ru0.8Pd0.2O2
3.0
RuO2
3.0
RuO2
3.0
RuO2
1.2
IrO2
1.6
Ru0.7Ir0.3O2

Cathode
catalyst
[mgmetal/cm2]
0.2
PtNW
0.1
PtNW
3
PtB
0.5
Pt/C
0.6
Pt/C
0.6
Pt/C
0.7
Pt/CB
0.7
Pd/N-CNT
0.7
Pd/P-CNPs
0.7
Pd/PN-CNPs
0.2
Pt/C
0.2
Pt/C
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T
o
[ C]

Voltage
@1A/cm2
[V]

Membrane

Ref.

80

1.643

Nafion 115

This work

80

1.689

Nafion 115

This work

80

1.745

Nafion 115

This work

80

1.700

Nafion 115

220

80

1.723

Nafion 115

53

80

1.74

Nafion 115

53

80

2.03

Nafion 115

221

80

1.84

Nafion 115

222

80

2.00

Nafion 115

56

80

1.90

Nafion 115

55

80

1.80

Nafion 117

223

80

1.80

Nafion 117

223

CHAPTER SIX

ALL-IN-ONE BIPOLAR ELECTRODE: A NEW CONCEPT
FOR COMPACT AND EFFICIENT WATER
ELECTROLYZERS
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6.1 Abstract
Highly compact and efficient proton exchange membrane electrolyzer cells (PEMECs) are
strongly desired for commercializing hydrogen production. Here, a novel concept of allin-one bipolar electrode (AIOBE) is proposed for high-efficiency and compact PEMECs
with the help of 3D printing and sputtering coating. AIOBE ideally integrated catalyst layer
(CL)/gas diffusion layer/bipolar plate/current distributor/gasket, which significantly
reduced component quantity on the cathode side of PEMECs from 5 to 1, cut down on part
weight and volume, and drastically accelerated the fabrication and maintenance processes.
Moreover, AIOBE with the micro-scale flat surface and nano-scale rough CL provided an
ultralow ohmic resistance (~ 100 mOhm cm2) and a high catalyst utilization. Finally,
AIOBE delivered a practical voltage of 1.62 V and a high energy efficiency of 91% at 1000
mA/cm2, and its mass activity (4.48 A/mgPt) was 14 times higher than conventional
PEMECs. This work provides a new route for developing highly compact electrochemical
devices, such as fuel cells, electrolyzers for N2 reduction and CO2 conversion, and many
more.
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6.2 Introduction
Hydrogen is considered to be one of the best energy carriers due to its high energy density
and significant flexibility in integration with other energy sources (wind, solar, or off-peak
energy from the grid) and end uses into scalable energy systems.1, 171, 224-232 The constantly
increasing demand for hydrogen production has rekindled the development of proton
exchange membrane electrolyzer cells (PEMECs), which provides a rapid response to the
intermittent power input and high hydrogen purity/pressure/efficiency/operating current
density (up to 6 A/cm2).7, 170, 233-234 Nevertheless, further efforts in improving the efficiency
and reducing the weight/volume/component number of PEMECs are still needed prior to
for commercializing hydrogen production.170, 235
PEMECs have proton exchange membranes (usually Nafion®) for proton transport, catalyst
layers (CLs) or electrodes for water splitting reactions, liquid/gas diffusion layers (LGDLs)
for transporting electron and mass, bipolar plates (BPPs) for delivering electron and mass
to LGDLs, gaskets for sealing, and current distributors for conduct electricity at both anode
and cathode sides (Figure 56 in appendix 6.6).82-84 Considering the hundreds or thousands
of cells in industrial PEMEC stacks, the high part number in PEMECs significantly
increases the cost of assembly procedure and maintenance. Catalyst coated membranes
(CCMs) use platinum group metals (PGMs) as catalysts in PEMECs, but its rare nature and
high price largely limit their industrialization.85-86 Even though exploration on earthabundant materials as the alternative catalysts have been conducted for decades, they are
still impractical for cell test and industrial application.

230, 236-237

In CLs, catalysts are

usually particle-based and are mixed with Nafion solution to form electrode. Thus, those
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catalyst particles are loosely connected and separated by the Nafion skin, leading to low
electron conductivity and catalyst utilization.21,

33

Possible approaches to improve the

electrode or CL include its combination with other components and electrode structure
optimization. The LGDLs are mainly made of titanium fibers and carbon fibers, but the
random pore shape and pore size of the felt-based LGDLs cannot efficiently transport
electrons/mass/heat and provide sufficient contact with electrodes, leading to extra
ohmic/activation/mass transport resistances and overpotentials.84,

87-89

Moreover, the

manufacturing process of carbon fiber paper has 9 steps at least, including polymerization,
spinning, sizing, dispersion, papermaking, bonding, impregnation, curing, and
carbonization.90 BPPs are commonly made of graphite and Ti for better corrosion
resistance.91-93 A typical manufacturing process of metal BPP has 5 steps at least, including
roll-cladding, annealing, stamping, punching, and extra coating, which greatly increases
the cost and fabrication time of BPP. It was reported that the BPP and LGDL combined
account for between 70% and 60% of the PEMEC stack cost, and the membrane and
catalyst account for 20% of the PEMEC stack cost, which is due to their high
labor/tooling/machining/material cost.94-95 It should be mentioned that BPPs make up to
60% of the PEMEC weight , making it the heaviest part.96 In addition, the Ti-material BPPs
or LGDLs have oxidation occurring on the surface to form semi-conductive metal oxide,
which leads to a high interfacial contact resistance (ICR).92, 97-98 Thus, reducing ICR in
PEMECs stack remains a challenge.99 In response, surface modification with precious
metals coating and structural optimization were conducted to overcome the challenges.84,
100

But precious metal surface coatings lead to higher price of PEMEC components, and
154

optimizing flow-field configuration and pore structure of LGDL has its bottleneck on
eliminating ICR.84
3D printing or additive manufacturing technology provides a new approach to fabricate 3D
parts with complex inner structure, which has attracted an increasing interest in energy
sectors.

225, 238-239

The adoption of 3D Printing has been increasing gradually from

prototyping to industrial manufacturing in the last decade.240 The application of 3D
printing on

commercial construction241, aerospace242, and even cars were already

reported243. Researchers produced plastic BPPs with precious metal coating in energy
devices, but those parts are not practical in real cell testing due to structure failures and low
conductivity of the plastic materials.

13, 235, 244-245

Mo et al. used electron beam melting

(EBM) to print Ti LGDLs, but the large thickness and unsophisticated structure of printed
LGDLs resulted in lower efficiency in PEMECs.87 In order to fully take advantage of 3D
printing, integrating or combining components of electrochemical devices for improving
efficiency and reducing part quantity, and simplifying configuration are highly desired.
In this paper, a novel concept of all-in-one bipolar electrode (AIOBE) was proposed for
highly compact PEMECs. To achieve this concept, metal 3D printing and sputter coating
were employed to combine CL/BPP/LGDL/gasket/current distributors into an AIOBE
(Figure 52). To better reflect the key features and functions of our design, we consider the
AIOBE as a bipolar electrode because of the following main reasons: (1) The AIOBE not
only functions as a unipolar flow field plate for providing flow channels, but more
importantly, it also works as the cathode electrode to provide active sites for the reaction
in the cell. (2) AIOBE functions as the current distributor and liquid/gas diffusion layer
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Figure 52. Schematic of all-in-one bipolar electrode (AIOBE). Catalyst layer, carbon
fiber paper (CFP) LGDL, BPP, current distributor, and gasket are integrated into
one part by using 3D printing and catalyst coating.
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during the cell operation. (3) In addition to the application of AIOBE as cathode in this
study, this bipolar electrode design can also be applicable to the anode electrode when
highly corrosion-resistant materials and higher printing resolution of 3D printers are
accessible. The AIOBE enabled an ultra-low catalyst loading of 0.2 mgPt/cm2
compared to 3.0 mgPt/cm2 for conventional CCMs. PEMECs with the AIOBE
delivered a practical current density, and a high catalyst mass activity of 4.48
A/mgpt. Moreover, the AIOBE eliminated ICRs in cell and delivered an ultralow
ohmic resistance. With the AIOBE design, the proton/electron transport problem in
PEMECs was mitigated by using a flat catalyst layer at micro-scale and a rough surface at
nanoscale. The concept of AIOBE provides a new insight for developing efficient and
compact water electrolyzer stacks.
6.3 Experimental Section
The design of bipolar electrode plate was processed using SolidWorks software, and then
exported in .STL format. Materialise Magics 20 was used to slice and process the bipolar
electrode plate model for 3D printing. A metal additive manufacturing system (AM250,
Renishaw) with laser as the energy source was employed to print bipolar electrode plate
with selective laser melting process. This process was repeated layer-by-layer until
completing the fabrication of bipolar electrode plate. Spherical 316L stainless steel (SS)
powders from Renishaw with a diameter of 15-45 µm were spread on the platform to form
a powder bed, and then the laser selectively irradiated and melted the powders for desired
pattern. The un-melted raw powders served as support for the upper powder bed. The
laying powder and laser melting processes were repeated until the finish of the plate. The
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SS powders are composed of Fe (67.38 wt%), Cr (18.15 wt%), Mn (1.62 wt%), Ni(13.01
wt%). After printing, the printed bipolar electrode plate showed a rough surface
morphology, so polishing processes with grinding papers (#250-2400) were employed to
smooth the plate. Sputter coating of Pt nanolayers on bipolar electrode plate was
accomplished with a SEM Coating System from Bio-Rad Polaron Division with a 99.9%
pure Pt target. The coating current, voltage, and pressure were 20 mA, 2.4 kV, and 0.4
mbar, respectively. The sputtering duration determined the thickness of Pt nanolayers with
a deposition rate of 0.25 nm/s. The combination of the bipolar electrode plate and the Pt
catalyst nanolayer was named as the bipolar electrode. Based on calculation, the sputtered
Pt nanolayers on both bipolar electrode plate and CFP were about 40-nm-thick with a
loading of 0.1 mgPt/cm2. The 3D printed bipolar electrode plate can be reused after the
single cell test and there is no damage to the material and structure of 3D printed product.
With simple polishing, the deposited catalyst layer can be easily removed. Then different
loadings of catalysts can be redeposited onto the 3D printed product to fabricate new
AIOBEs. In this paper, AIOBEs with 0.1 and 0.2 mg/cm2 Pt catalyst layers were fabricated
with the same 3D printed bipolar electrode plate.
For ex-situ investigations, the surface micro-scale and nano-scale morphologies of bipolar
electrode were characterized by Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectrometry (EDS) with a field emission SEM JEOL JSM-6320F with an
accelerating voltage of 0.5 – 30 kV and a magnification of 130X ~ 650,000X. An EDAX
Octane plus Silicon Drift detector was used to collect the EDS spectrum and EDS mapping.
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The ex-situ measurement of ohmic resistances of cathodes in different PEMECs is shown
in Figure 68 in the appendix of this chapter.
For in-situ electrochemical investigations, we focused on AIOBE cathode instead anode,
so stat-of-art commercial IrRuOx anode was used in the form of CCM in this paper. In
addition, in order to eliminate the influence of anode electrode on the investigation of
AIOBE cathode, we used a high IrRuOx loading of 3 mg/cm2, which is commercially
available. A Nafion® 115 membrane coated with IrRuOx with a loading of 3.0 mg/cm2 at
one side was supplied by FuelCellsEtc as the single side CCM, and the active area was 5
cm2. At cathode, the bipolar electrode functioned as the combination of cathode CL, BPP,
LGDL, gasket, and current distributor. At anode, IrRuOx catalyst layer coated on Nafion
membrane was used as the anode electrode; a thin film Ti LGDL with ~ 400 um pore size,
~ 46% porosity and 50 um thickness was home-made and used as the anode LGDL, and
the fabrication process can be found in our publications.21,

84

; a graphite plate with

machined flow channels was used as BPP; an Au-coated copper plate severed as a current
distributor; and a machined PVC sheet severed as the gasket. All these parts were
compressed by two SS end plates to form an AIOBE PEMEC. For comparison, a
conventional PEMEC with the same anode components was also built, which had carbon
fiber paper (CFP)/graphite BPP/current distributor/gasket at the cathode side, and thin film
Ti LGDL /graphite BPP/current distributor/gasket at the anode side. A conventional CCM
with 3.0 mg/cm2 of IrRuOx at anode and 3.0 mg/cm2 of PtB at cathode side was used
in conventional PEMEC. The CFP had a thickness of 0.28 mm and a porosity of 78%. For
further comparison with publications, we also used Ti felt (GDL7, Bekaert Corporation)
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with a thickness of 0.35 mm and a porosity of 75% at anode side in another conventional
PEMEC, and the cell configuration and materials are similar to US Department of
Energy’s benchmark test baseline.246. A potentiostat (SP-300, Bio-Logic) gathered
electrochemical

data,

including

polarization

curve,

electrochemical

impedance

spectroscopy (EIS), and high frequency resistance (HFR). Deionized (DI) water with a
flow rate of 20 ml/min was pumped to the anode after preheating to desired temperature.
The temperature of PEMECs was controlled by two heaters and two thermocouples. The
PEMECs were tested at atmosphere pressure under different temperatures (30, 50 and 80
°C).
It is known that different publications from different groups used different materials and
cell configurations. Thus, in this paper, the cell configuration and materials we used are
based on US Department of Energy’s benchmark test baseline,246 and we compared the
performance of PEMEC with AIOBE to our baseline PEMEC.
6.4 Results and Discussions
The AIOBE is 0.5-cm-thick, 6.0-cm-long, and 6.0-cm-wide, and the active area at the
centre of AIOBE is 5 cm2 as shown in the photographic image of Figure 53a. In the design,
a pin flow channel has cubic pins with a side length of 1 mm, the gap between pins is 1
mm, and the pins are beneath the joint on the LGDL, as shown in the insert image in Figure
53b and Figure 57. Figure 53d and Figure 53e show the SEM images of the Pt-coated
AIOBE, showing that the LGDL is integrated with flow channel of BPP. The thickness of
the triangular porous part above the pin flow channel is about 150 um, the height of which
is about 0.5 mm, leading to a porosity of 31.8% as shown in Figure 53d. The high porosity
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and small size of pores on the AIOBE will limit the mass transport at the anode side, so we
only use AIOBE at the cathode side. The surface of AIOBE after printing is rough due to
the printing process (Figure 58), and printing tracks on the printed LGDL of AIOBE after
printing and before polishing can be clearly seen in the insert image in Figure 53d and
Figure 59. The Pt nanolayers on the AIOBE plate with different catalyst loadings (0.1
mgPt/cm2 and 0.2 mgPt/cm2) are shown in Figure 53e, Figure 60, and Figure 61. At microscale the surface of the AIOBE plate is smooth due to the polishing process (Figure 60),
while at nano-scale Pt nanoparticles can be clearly seen, and their diameters range from 20
nm to 100 nm (Figure 53e and Figure 61). But the Pt nanolayer with 0.2 mgPt/cm2 catalyst
loading provides a rougher surface than that with 0.1 mgPt/cm2 catalyst loading. The Pt
nanoparticles with high catalyst loading can provide more surface area, leading to more
reaction sites compared to smooth catalyst thin film with smaller roughness. SEM images
of carbon fiber paper (CFP) at different magnifications indicate the random distribution of
carbon fibers, and the carbon fibres are not at the same plane, leading to its limited contact
with CL in conventional PEMECs (Figure 53c and Figure 53f).
In a single conventional PEMEC, there are two BPPs, CLs, LGDLs, gaskets, and current
distributors at each side of PEM (Nafion membrane) as shown in Figure 56.21, 142, 145, 245
The high part number of components in PEMECs partially contributes to its high cost,
heavy weight, assembly displacement, and high ICR. BPPs contribute to more than 20%
cost and 60% weight in PEMECs due to the high costs stemming from labor, tooling,
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Figure 53. a) Photographic image of AIOBE. b) Design of flow field and LGDL for
3D-printing. d, e) SEM images of AIOBE with Pt nanolayer at different
magnifications. c) low-magnification and f) high-magnification SEM images of CFP.
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machining, and materials.91,

116, 247

Graphite materials have the desired electrical

conductivity and excellent chemical stability, but its difficulty of mass manufacturability
limits its commercialization in PEMECs. Stainless steel (SS) in comparison is considered
to be a low-cost material than Ti, but it is susceptible to anodic corrosion, and the dissolved
metal cations lead to membrane degradation and reduced performance.
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Thus, in this

study the AIOBE is only incorporated at the cathode side. LGDL and bipolar plate
contribute to 60% cost of PEMEC stacks, which greatly limits the industrial application of
PEMECs. In addition, ICR is from the imperfect contact between two mating parts and the
semi-conductivity of metallic oxide on the component surface, so the high component
quantities result in the extra ICR among electrode, LGDL, BPP, and current distributor.248
The novel AIOBE provides profound advantages compared to the conventional water
electrolyzer, e.g. small fabrication steps, low component ohmic resistance, eliminated ICR,
reduced part number, low weight, and multifunctional Pt nanolayer, as summarized in
Table 5. In aerospace applications, reducing the mass of aircraft leads to less lift force and
thrust during flight.249 Thus, the reduction on weight and volume with AIOBE would
provide great advantage for the energy storage and oxygen generation devices in aerospace
applications. For the AIOBE, the whole manufacturing process only has 3 steps, namely
automatic 3D printing, polishing, and sputtering coating, resulting in much less material
waste during these manufacturing processes compared to conventional fabrication
processes. This shows a significant advantage compared to the conventional
CL/LGDL/BPP/gasket/current distributor in the conventional PEMECs, which needs 17
fabrication steps at minimum.89-90 Considering that the high cost of PEMEC is mainly due
to the labor/tooling/machining/material cost of BPP/LGDL/BPP, the greatly simplified
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fabrication process and significantly decreased material waste of AIOBE by additive
manufacturing will have the potential on reducing the cost of PEMEC. In addition,
reducing a small portion of weight and volume can greatly benefit the industrial products,
thus, it is reasonable to expect this reduction of weight and volume on lab-scale single cells
can provide a route for reducing the weight and volume of the industrial scale electrolyzers.
With AIOBE, the number of components is also reduced from 5 to 1. The reduction on
component quantity results to the elimination of ICR, so the ohmic resistance of AIOBE
can be reduced to less than 0.1 mOhm, which is much less than that of conventional cathode
(6.5 mOhm +RCL/LGDL+Ri,CL), and the procedure for ex-situ resistance measurement on
cathode components is shown in Figure 67 and in the associated Supplementary
Information. Furthermore, the cathode weight and volume can be also greatly reduced with
3D printing technique. Considering the large number of cells – hundreds of thousands – in
industrial PEMEC stacks, the AIOBEs may significantly simplify the stacks, accelerate the
assembly process, and reduce maintenance costs. In the future, 3D printing technologies
with fine structures and highly corrosion-resistant materials such as Ti will be used to
produce AIOBEs for both anode and cathode side of PEMECs, and more large-scale
deposition methods can be used, such as electrodeposition250, chemical synthesis251, etc.
By doing this, no CCM and complex components will be used in the future, and there are
only AIOBEs at each side of membranes. Pt nanolayers can not only serve as CL, but also
function as a protective layer for the SS AIOBE plate. Besides, the sputter-coated CL has
a much simpler fabrication process than the conventional CL on PEM, which involve inkbased deposition.
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Table 5. Evaluation of different cathodes.
Cell
Conventional
AIOBE

Cathode
components
CL/CFP/BP/
gasket/current
distributor
AIOBE

Fabrication
steps

Component
number

Cathode resistance
[mΩ]

17

5

6.5+RCL/LGDL+Ri,CL

3

1

0.01
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The polarization curves present the I-V relationship, and the lower cell voltage indicates a
better electrochemical performance of water splitting.142 In Figure 54a, PEMEC
polarization curves were gathered under typical conditions (80 °C, current density up to
1000 mA/cm2, and ambient pressure). The AIOBE with the catalyst loading of 0.2
mgPt/cm2 shows a low cell voltage of 1.62 V and a high efficiency of 91% (higher heating
value) at 1000 mA/cm2, which is comparable to the conventional cathode (1.61 V at 1000
mA/cm2). The performance of the AIOBE at higher current densities is shown in Figure
63, and more discussions are provided in Supplementary Information. By comparison at
the same cell voltage of 1.60 V, AIOBE (0.2 mgPt/cm2) and conventional cathode can reach
the current densities of 896 mA/cm2 and 981 mA/cm2, which confirms the practicability of
concept of the AIOBE. Therefore, the calculated mass activity of AIOBE (0.2 mgPt/cm2) is
~ 4.48 A/mgPt, which is almost 14 times higher than that of conventional cathode (0.327
A/mgPt), as shown in Figure 54b. Thus, the loading-normalized hydrogen generation rate
is increased by 14 times, and it needs to be highlighted that this improvement can greatly
save the electricity in long-term run, which contributes to more than 70 % of the total H2
levelized cost based on US Department of Energy (DOE) report.

252

In order to compare

with the publications, a conventional cell with Ti felt was also tested as a baseline. AIOBE
with the catalyst loading of 0.2 mgPt/cm2 also provides a better cell performance than the
conventional PEMEC with Ti felt LGDL at anode side (1.71V at 1 A/cm2), as shown in
Figure 64. When we further reduce the catalyst loading of AIOBE from 0.2 to 0.1
mgPt/cm2, the cell voltage is increased up to 1.83 V at 1000 mA/cm2, which is higher than
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Figure 54. a) Polarization curves of PEMECs with AIOBE (0.2 mgPt/cm2) and
conventional cathode (3.0 mgPt/cm2). b) The corresponding mass activities at 1.6 V. c)
EIS plots at 200 mA/cm2. d) The corresponding HFRs.

167

both AIOBE (0.2 mgPt/cm2) and conventional cathode (3.0 mgPt/cm2), as shown in Figure
65a. The two baseline conventional PEMECs with Ti felt and thin film LGDLs at anode
side in this paper provided a consistent performance compared to published results from
our group and the literatures, showing a valid result as a baseline. 21, 171, 252 Furthermore,
we compared our AIOBE’s performances with previously reported publications with
lower Pt loadings at cathode in the PEMECs (Table 6).53, 221, 223, 253 More details and
discussion on the different catalyst loadings and stability were provided in Supplementary
Information.
To explore the origin of cell performance difference, electrochemical impedance
spectroscope (EIS) measurements of AIOBE and conventional cathode were carried out
under the same testing conditions. As seen from Figure 54c, both AIOBE and conventional
cathode are composed of only one semi-arch, and the straight polarization curve without
curve-up phenomenon is also observed, indicating there is no mass transport issue under
the tested current density.229, 254 However, it is found that AIOBE shows a lower ohmic
resistance of ~ 95 mOhm cm2 than that of conventional cathode (~ 120 mOhm cm2). The
high-frequency resistance (HFR) results in Figure 54d further confirm the large ohmic
resistance difference between AIOBE and conventional cathode. Even the loading of Pt
was reduced to 0.1 mgPt/cm2, but the ohmic resistance almost kept the same compared to
the higher loading of 0.2 mgPt/cm2 (Figure 65b). These results demonstrate that AIOBE
design can significantly reduce the total ohmic resistance of the whole PEMEC and thus
greatly improves the cell performance compared to conventional cathode design. The
smaller ohmic resistance of AIOBE is due to the reduced part number and eliminated ICR
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compared to the Pt on CFP, as aforementioned. In the conventional PEMEC, the cathode
ohmic resistance includes (Figure 55a):
𝑹𝑹𝑪𝑪 = 𝑹𝑹𝑪𝑪𝑪𝑪 + 𝑰𝑰𝑰𝑰𝑰𝑰𝑪𝑪𝑪𝑪 𝑪𝑪𝑪𝑪 + 𝑹𝑹𝑪𝑪𝑪𝑪 + 𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩𝑩𝑩 𝑪𝑪𝑪𝑪 + 𝑹𝑹𝑩𝑩𝑩𝑩 + 𝑰𝑰𝑰𝑰𝑰𝑰𝑩𝑩𝑩𝑩 𝑪𝑪𝑪𝑪 + 𝑹𝑹𝑪𝑪𝑪𝑪

(1)

Where 𝑅𝑅𝐶𝐶 represents the cathode ohmic resistance of conventional PEMEC, 𝑅𝑅𝐵𝐵𝑃𝑃 , 𝑅𝑅𝐶𝐶𝐶𝐶 ,
𝑅𝑅𝐶𝐶𝐶𝐶 , and 𝑅𝑅𝐶𝐶𝐶𝐶 represent the electronic resistances of BPP, CL, CFP, and current distributor,

respectively. 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶 , 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶𝐶𝐶 , and 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶 represent ICR between CL and CFP,

ICR between CFP and BPP, and ICR between BPP and CD, respectively.

Therefore, the conventional cathode has 7 resistances, while poses great ohmic
overpotentials for water splitting. In addition, 𝑅𝑅𝐶𝐶𝐶𝐶 include the electronic resistance of the
catalyst and the protonic resistance of ionomer in ~10-um-thick conventional CLs. In

conventional CL, the catalyst nanoparticles and ionomer are randomly distributed, and
nanoparticles accumulate to form agglomerates with ionomer skin with a random structure,
as shown in Figure 55a. The Nafion skin or film is usually in order of 10 nm thick,
providing a significant barrier to electron transport.255 The tortuous Nafion structure in CL
lead to long proton transport path, resulting in a neglectable protonic resistance in PEMEC
(circuit in Figure 55a) 256. The catalyst nanoparticles agglomerate with each other, so the
limited contact between catalyst nanoparticles and the Nafion skin lead to a long electron
transport path and a much higher electronic resistivity than bulk materials, which
consequently cause additional ohmic resistance to the water electrolyzer.255 In addition,
ICRs (𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶 ) contribute to a great part of ohmic resistance in

conventional PEMEC, due to the oxides and imperfect interface contact, which remain a
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Figure 55. Configuration and reaction sites distribution of a) conventional PEMEC
and b) PEMEC with AIOBE. The random structure of CFP and randomly
distributed catalyst nanoparticles and ionomer in conventional CL limited the
proton/electron transport paths, resulting in the great waste of catalyst. While all-inone electrode has a flat catalyst layer at micro-scale and a rough surface at nanoscale,
facilitating the proton/electron transport and resulting in a high mass activity.
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challenge for improving the water splitting efficiency and performance.99, 257 While, a
different story is happened in the PEMEC with AIOBE. The only one part (AIOBE)
provides one electronic resistance (𝑅𝑅𝐵𝐵𝐵𝐵 ):

(2)

𝑹𝑹𝑪𝑪 = 𝑹𝑹𝑩𝑩𝑩𝑩

𝑅𝑅𝐵𝐵𝐵𝐵 is the electronic resistance of the AIOBE, which can be neglected due to the highly

conductive bulk materials of SS and Pt. All other cathode ohmic resistances, including the
other electronic resistances ( 𝑅𝑅𝐶𝐶𝐶𝐶 , 𝑅𝑅𝐶𝐶𝐶𝐶 , 𝑅𝑅𝐶𝐶𝐶𝐶 ) and all ICRs ( 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶 and
𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵 𝐶𝐶𝐶𝐶 ), are eliminated in the PEMEC with AIOBE, explaining its low HFR and

showing the great advantage of AIOBE.

In addition to the ohmic resistance, the value difference between two intersections of EIS
curves with the X-axis represents the activation or kinetic resistance when the mass
transport resistance was neglected at low current density. The EIS curves shows the AIOBE
with 0.2 mgPt/cm2 can achieve a similar activation resistance compared to conventional
cathode with a much higher loading of 3.0 mgPt/cm2, demonstrating the AIOBE advantage.
The higher mass activity and similar activation resistance of AIOBE compared to
conventional PEMEC in Figure 54b could be explained by its good nature of
LGDL/electrode/PEM interface, as shown in Figure 55. For conventional PEMEC, the
CFP has a random structure with carbon fiber (Figure 53c and f), so the contact area
between CL and CFP is much smaller than the active area of the PEMEC (5 cm2). More
importantly, randomly distributed catalyst nanoparticles lead to limited contact to carbon
fiber (electron source for CL) and other particles, and the Nafion skin is not electronconductive, so these problems combine to lead to barriers for electron transporting.255
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Based on the “triple-phase boundary” (TPB) theory, the catalysts can take part in reaction
and become resection sites only if they have a good proton path to electrolytes, electron
path to LGDL.

21

Therefore, only catalyst nanoparticles that contact to carbon fibers and

other nanoparticles with a good electron path can take part in reaction. However, the
isolated catalyst nanoparticles with Nafion skin cannot build electron and proton paths,
which could not be the reaction site, as shown in the right graph in Figure 55a.

33

The

aforementioned points contribute to the limited mass activity and catalyst utilization in
conventional PEMECs. For AIOBE (Figure 55b), the CL (Pt nanolayer) is deposited on
the bipolar plate directly, and the Pt nanolayer has an ultra-high electronic conductivity, so
there are no barriers for electron transporting to catalyst. Besides, 3D-printed plate is
polished to achieve a flat surface at micro-scale, therefore, the flat Pt electrode deposited
on the plate has a 100% contact with LGDL and a good contact with PEM at micro-scale,
providing higher density of reaction sites at nano-scale.

21, 33, 258

Even though the Pt

nanolayer is rough at nano-scale, the Pt nanoclusters uncontacted with PEM is still protonaccessible, due to the capability of proton transport on/in thin film electrode with the
presence of water at nano-scale.33, 259 Thus, the proton can transport from PEM to the whole
area on the electrode or CL, and the reaction sites can be the whole surface of the nanoscale rough Pt nanolayer, greatly increasing the mass activity and catalyst utilization.
6.5 Conclusions
In conclusion, this study developed an AIOBE for hydrogen production by integrating
catalyst layer (CL)/gas diffusion layer/bipolar plate/current distributor/gasket. The AIOBE
significantly reduced component quantity of PEMECs from 5 to 1, greatly lowered the
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weight/volume/cost, simplified manufacturing processes and assembling difficulty in
industrial PEMEC applications. PEMECs with the AIOBE delivered a practical current
density 1.62 V at 1000 mA/cm2, and a high mass activity of 4.48 A/mgpt. Moreover, the
AIOBE had less ICRs and more electron/proton transport paths compared with
conventional PEMECs, providing an ultralow ohmic resistance, solving the problem of
electron/proton transporting, and providing a highly compact configuration in PEMECs.
Overall, this work provides a new concept for developing efficient and compact water
electrolyzer stacks, and AIOBE is also applicable to the development of other
electrochemical devices, such as fuel cell, N2 reduction, CO2 conversion, etc.
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6.6 Appendix
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Figure 56. Schematic of conventional proton exchange membrane electrolyzer cell
(PEMEC), including catalyst layer (CL), liquid and gas diffusion layer (LGDL),
gasket, bipolar plate (BPP), current distributor and end plate at both sides of proton
exchange membrane.
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Figure 57. Design of AIOBE, and the flow field and LGDL for 3D-printing.
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Figure 58. Photographic image of AIOBE without polishing, and the rough surface
can be clearly seen.

Figure 59. Optical microscopy image of the LGDL surface of AIOBE without
polishing,
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Figure 60. SEM images of AIOBE with Pt nanolayer (0.2 mgPt/cm2 ) at the low
magnification.

Figure 61. SEM images of (a) catalyst layer on AIOBE (0.1 mgPt/cm2) and (b) catalyst
layer on AIOBE(0.2 mgPt/cm2)
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Figure 62. a) EDS spectrum of AIOBE (0.1 mgPt/cm2 ) and the insert image is the
corresponding SEM image. b) the corresponding EDS element mapping.
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Micro-scale EDS mapping images (Figure 62) confirm the uniform element distribution
on the AIOBE. The element percentage in the AIOBE agree with the EDS of as received
SS powder (supplementary information), indicating the stable additive manufacturing
process. EDS spectrum result of the AIOBE shows the Pt percentage of 3.53 %, which is
also consistent with the thin Pt film and small loading of PGM on the electrode.
It needs to be mentioned that the AIOBE in this paper is our prototype rather than final
product, so we only focused on the cathode side and the mass-transport-free current density
region (up to 1000 mA/cm2) due to the limitation of accessible tools and materials. For
example, printing resolution on our 3D metal printer is not high enough to provide a high
porosity and a small pore size on the AIOBE. Pores on the AIOBE have a triangular shape,
and the height of pores is about 0.5 mm, leading to a porosity of 31.8%, as shown in Figure
53d. The large pore size and the small porosity will limit the mass transport at the cathode
side, resulting in the increased mass transport resistance and overpotential at the high
current region (> 1500 mA/cm2) when we increase the current density to 2000 mA/cm2, as
shown in Figure 63.84, 171 It can also be shown that the PEMEC with AIOBE can achieve
a low voltage of 1.80 V at 2 A/cm2 (dashed line Figure 63) if there is no mass transport
issue. Thus, in the main manuscript we provided the polarization curves with a current
density up to 1000 mA/cm2, where the mass transport resistance can be neglected. Even
the current prototype of AIOBE cannot achieve a ultra-high current densities as reported
the literature (6 A/cm2), in the future finer raw metal powders and 3D printer with higher
resolution and optimized printing parameters can help to solve these problems.234
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Table 6. Cell performance comparison of AIOBEs with the literatures.
HER
electrode
AIOBE
CCM
CCM
CCM
GDE
CCM
CCM

Anode
catalyst
[mg/cm2]
3.0
Ir0.7Ru0.3Ox
2.0
IrO2
3.0
RuO2/SnO2
3.0
RuO2
3.0
Ru0.8Pd0.2O2
1.2
IrO2
1.6
Ru0.7Ir0.3O2

Cathode
T
catalyst
o
[
C]
[mgmetal/cm2]
0.2
Pt
0.5
Pt/C
0.6
Pt/C
0.6
Pt/C
0.7
PtB
0.2
Pt/C
0.2
Pt/C

Voltage
@ 1 A/cm2
[V]

80

1.62

80

1.73

80

1.72

80

1.74

80

2.03

80

1.80

80

1.80
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Membrane

Ref.

Nafion
115
Nafion
115
Nafion
115
Nafion
115
Nafion
115
Nafion
117
Nafion
117

This
work
253
53
53
221
223
223

Figure 63. Polarization curves of PEMECs with AIOBE (0.2 mgPt/cm2) at the current
density of 0 -2000 mA/cm2.
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Figure 64. a) Polarization curve of the PEMEC with the conventional cell coupled
with anode Ti felt LGDL. b) The corresponding HFR at the current density of 0~ 500
mA/cm2.
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Figure 65. a) Polarization curve of the PEMEC with AIOBE (0.1 mgPt/cm2). b) HFR
of the PEMEC with AIOBE (0.1 mgPt/cm2) at the current density of 0 -500 mA/cm2.
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Figure 66. The polarization curve of the PEMEC with GDE with carbon fiber paper
(0.1 mgPt/cm2) at the current density of 0 -1000 mA/cm2.
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The 0.28-mm-thick CFP (Toray 090) with a porosity of 78% was also coated with 0.1
mg/cm2 Pt as gas diffusion electrode (GDE) or catalyst coated substrate (CCS) for
performance comparison with AIOBEs. From the test result in Figure 66, it is obvious that
conventional PEMEC with GDE provide a much worse performance compared to PEMECs
with AIOBEs, showing a voltage from 2.33 V at 1 A/cm2. Due to the random structure of
GDE with CFP, the Pt is deposited on the randomly distributed carbon fibers, leading to
the limited contact between electrode/PEM. The insufficient contact results to the limited
reaction site and catalyst utilization, further leading to the low performance (2.33 V at 1
A/cm2).
We tested the stability of the PEMEC with the AIOBE at cathodes under the current
density of 200 mA/cm2 for 108 hours, as shown in Figure 67. The whole cell undergoes
a small degradation rate of 0.527 mV/h. However, we found the main cause for
performance degradation is due to the corrosion of graphite BPP at the anode side. Due
to the limited manufacturing capability of robust Ti biploar plates at our home institution,
we tested the PEMECs with graphite-made biplolar plates in this paper. Therefore, the
long-term stability evaluation of the AIOBE is challenging for us due to the severe
corrosion issue of graphite at anode side under high potentials and acidic envoronment.
Furthermore, it is well accepted that anode degradation plays a dominant role in stability
of the whole PEMEC during the operation. 91, 260 Therefore, the stability evaluation of the
AIOBE would not be as crucial as anodes, when considering this paper focused on the
AIOBE cathode design.
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Figure 67. The stability evaluation of the PEMEC with AIOBE at cathode under
the current density of 200 mA/cm2 for 108 hours.
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The ohmic resistances of the cathode of conventional PEMECs was ex-situ measured, and
the setup is shown in Figure 68a. It needs to be noted that the protonic resistance in CL
and the interfacial contact resistance between CL and LGDL could not be measured, so we
only measured the ohmic resistance of combined current distributor/BPP/LGDL (Figure
68b). A hydraulic press with two SS plates can provides a compression pressure of 1.4
MPa. A four probe micro-ohmmeter (6250, AEMC INSTRUMENTS) was used to measure
the total resistance between two Cu electrode in the set up. The calculation process is
described in the publication.145 For PEMEC with AIOBE, the cathode component is
AIOBE, so we used the micro-ohmmeter to measure its ohmic resistance directly by
attaching the electrodes of ohmmeter to both sides of AIOBE (Figure 68c). The results
show that the ohmic resistance of AIOBE is smaller than 0.01 mΩ, while the ohmic
resistance of conventional cathode without considering the protonic resistance in CL (Ri,CL)
and the interfacial contact resistance between CL and LGDL (RCL/LGDL) is 6.5 mΩ, which
can explain the lower HFR of PEMEC with AIOBE. The protonic resistance in CL (Ri,CL)
and the interfacial contact resistance between CL and LGDL (RCL/LGDL) can not be
measured, so they were represented with the symbols of RCL/LGDL and Ri,CL in Table 5.
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Figure 68. a) Schamatic of ex-situ measuemnt of ohmic resistance of the conventional
cathode of conventional PEMEC. b) Configuration of the conventional cathode
components except CL in conventional PEMEC. c) Schematic of ex-situ measuemnt
of ohmic resistance of the AIOBE.
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CHAPTER SEVEN
MOS2 NANOSHEET INTEGRATED ELECTRODES WITH
ENGINEERED 1T-2H PHASES AND DEFECTS FOR EFFICIENT
HYDROGEN PRODUCTION IN PRACTICAL PEM
ELECTROLYSIS
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7.1 Abstract
Low electrical conductivity and poor accessibility of MoS2 reaction sites raise challenges
in maximizing the triple-phase-boundary (TPB) sites of MoS2-based electrodes and
minimizing ohmic losses for efficient hydrogen evolution reaction (HER) in practical
proton exchange membrane (PEM) water electrolysis. Herein, we report a scalable
hydrothermal approach to fabricate ionomer-free integrated electrodes with engineered 1T2H heterophase and defect-rich MoS2 nanosheets (MoS2NSs) in-situ grown onto the carbon
fiber paper (CFP). With an ultralow loading of 0.14 mg/cm2, a small voltage of 2.25 V was
obtained at 2000 mA/cm2 in a practical cell with Nafion115 membrane, which outperforms
all previously reported high-loading non-precious catalyst-based electrodes in PEMECs.
Impressively, it shows 44 times higher mass activity than a high-loading and ionomermixed MoS2 assemblies electrode. This work builds a bridge from catalyst optimization to
electrode fabrication and provides a promising direction for improving intrinsic catalytic
activity, electrode conductivity and stability for practical PEM water electrolysis.
7.2 Introduction
A proton exchange membrane electrolyzer cell (PEMEC) stands out as a promising
technique to efficiently generate high-purity hydrogen from various renewable energy
resources.133,

261-264

At present, the benchmarking catalysts for electrocatalytic water

electrolysis are platinum and iridium-based nanostructured materials.50-51 Nevertheless, the
practical application of PEMECs remains challenging due to the high platinum group metal
(PGM) loading (1~3 mg/cm2), scarcity of supply and costly electrode fabrication.52-56
Therefore, it is highly urgent yet challenging to develop PGM-free or ultralow PGM-loaded
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electrocatalysts with competitive catalytic activity, durability and low cost.57 Currently,
layered transition metal dichalcogenides (TMDCs) have demonstrated a potential
substitute for costly Pt as HER electrocatalysts in water splitting, thanks to its high intrinsic
activity of metallic edges (ΔGH = 0.08 eV) and high abundance.58-61 Unfortunately, its high
hydrogen adsorption free energy within basal-plane and low electronic conductivity lead
to overall low catalytic activities and thus largely prevent their utilization in practice.62-65
Nanostructure and defect engineering are two commonly used strategies for further
maximizing the number of active reaction sites for HER by creating numerous exposed
edges, pinholes and atomic sulfur vacancies within basal planes of MoS2.66-74 More
recently, phase engineering of MoS2 from semiconducting 2H phase into more catalytically
active 1T phase by hydrogen annealing, argon plasma exposure/etching and
electrochemical reaction can greatly enhance the intrinsic catalytic activities due to the
excellent conductivity of metallic 1T phase.75-77 However, most methods reported up to
date are of very limited application in practical water electrolyzers, mainly owing to their
manipulation/synthesis complexity, poor scalability and high ohmic losses in the real cell.
Furthermore, due to low intrinsic catalytic activity and conductivity, very high MoS2 based
catalyst loadings (3~6 mg/cm2) are usually required in water electrolyzers to achieve
acceptable cell performances at high current densities, leading to very limited cost
reduction compared to PGM-based catalysts.78-81
To address the above challenges, we fabricate the integrated HER electrode comprising insitu grown 1T-2H MoS2 ultrathin nanosheets onto highly conductive carbon fiber paper
with rich engineered defects via precisely tuning the hydrothermal synthesis parameters.
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The unique advantages are as follows: (a) Ideal 1T-2H phase integration can combine the
excellent structural stability of 2H phase and the high conductivity of metastable 1T phase
to activate the inert MoS2 basal-planes; (b) Highly defective ultrathin nanosheets with rich
exposed edges and additional basal-plane defects (pinholes, atomic sulfur vacancies) can
further maximize the active sites; (c) In-situ growth method enables the intimate contact
and strong adhesion of MoS2 nanosheets and 3D porous conductive carbon support,
resulting in significant reduction of ohmic losses and mass transport losses and remarkable
stability enhancement in the practical electrolyzer cell. Benefitting from the above
synergistic effects, the defect-rich 1T-2H MoS2/CFP integrated electrode with an
extremely low catalyst loading of 0.14 mg/cm2 not only shows significantly improved HER
performances in liquid acidic electrolyte, but also demonstrates outstanding cell
performances in practical PEMECs. Under 1 and 2 A/cm2, the required cell voltages are
only 1.96 and 2.25 V, respectively. Such remarkable cell performances are superior to
almost all non-precious HER catalysts with extremely high loadings of 3~6 mg/cm2 under
the similar cell operation conditions in the literatures. We believe this work builds up a
bridge to connect catalyst optimization to electrode fabrication, which provides new
insights into how to concurrently enhance the intrinsic catalytic activity, whole electrode
conductivity and electrochemical stability for low-cost hydrogen production under high
current densities in practical water electrolyzers.
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7.3 Experimental Section
7.3.1 Materials preparation and characterizations
Fabrication of defect-rich 1T-2H MoS2 nanosheet integrated electrodes: The 0.6 g
sodium molybdate dihydrate (Na2MoO4 · 2H2O) and 1.2 g thioacetamide (C2H5NS) were
dissolved in deionized water (20 mL) under continuous stirring at room temperature for 30
minutes. Then, the above 20 mL solution was added into a Teﬂon-lined autoclave (50 mL).
The carbon ﬁber paper was vertically immersed into the reactor. Afterwards, the autoclave
was well sealed and kept heating to 220 °C for 24 h in a box oven. After cool-down of the
autoclave to room temperature for another 24 h, the sample was obtained and washed with
water and alcohol for at least three times. Finally, the defect-rich 1T-2H MoS2NS/CFP was
obtained after drying at 60°Covernight. For comparison, MoS2 assemblies/CFP electrodes
were fabricated by a conventional spray coating method. The spray coated catalyst layer
was composed of 80 wt% MoS2 assembly powders and 20 wt% Nafion ionomer binders.
The loading of MoS2 assemblies was controlled to be 3.0 mg/cm2 on the CFP support. The
geometric area of MoS2 assemblies/CFP electrode was 5 cm2.
Characterizations: The SEM morphology and elemental mapping images were obtained
from Zeiss Merlin scanning electron microscope coupled with energy-dispersive X-ray
spectroscopy (EDX) detector from Oxford Instruments. The detailed structural information
was characterized by transmission electron microscopy (TEM) on FEI Titan S 80-300
STEM/TEM microscope at an acceleration voltage of 300 kV. The surface chemistry and
phase composition were identified by X-ray photoelectron spectroscopy (XPS) analysis on
a Thermo Scientific K-Alpha spectrometer. Raman spectroscopy was conducted on a
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multiwavelength Raman system at room and elevated temperatures. Raman scattering was
measured by a triple Raman spectrometer (Princeton Instruments Acton Trivista 555). The
532 nm laser was applied as the excitation beam with a 30s exposure time and 10 times
accumulations. The sample stage is movable with a zigzag style in a dimension of
4mm*4mm to check the homogeneity of measured sample.
7.3.2 Electrochemical tests
Three-electrode system tests: the HER performances of defect-rich 1T-2H MoS2/CFP and
spray coated MoS2 assemblies/CFP were compared via ex-situ electrochemical
measurements in 0.5 M H2SO4 liquid electrolyte. Before electrochemical measurements,
the electrolyte was de-aerated by continuously bubbling of high-purity Ar gas for at least
1 hour. The as-prepared defect-rich 1T-2H MoS2/CFP or spray coated MoS2
assemblies/CFP was employed as the working electrode, a graphite rod as the counter
electrode and the Ag/AgCl reference electrode were used in the three-electrode system.
The linear sweep voltammetry (LSV) data were collected by a Potentiostat (Bio-Logic) at
a scan rate of 5 mV s−1. Chronopotentiometry (CP) test of the working electrode was carried
out under −10 mA cm−2 for 38 hrs. The electrochemical impedance spectroscopy (EIS)
measurements were obtained between 100 KHz and 50 mHz.
The PEMEC assembly and testing: For the assembly of the PEMEC, the defect-rich 1T2H MoS2NS/CFP electrode or spray coated MoS2 assemblies/CFP with the geometric area
of 5 cm2 was sandwiched between PEM surface and AXF-5Q graphite bipolar plate at
cathode. The catalyst-coated membrane (CCM) with 3 mg cm-2 IrRuOx catalyst
(FuelCellEtc) coated on a Nafion 115 membrane (~127 µm in thickness) and a titanium195

made liquid/gas diffusion layer (LGDL) were adopted at anode for all cell tests. Two
stainless steel made endplates were used to compress the PEMEC (4.52 N∙m of torque).
The PEMEC performance comparison between defect-rich 1T-2H MoS2NS/CFP electrode
and spray coated MoS2 assemblies/CFP were carried out at 80 °C and atmosphere pressure
with a water flow rate of 20 ml min−1 at anode. The active area of the PEMEC was
controlled to be 5 cm2. The polarization curves were measured on a Potentiostat
(VSP/VMP3B-100, Bio-Logic). The EIS plots were recorded under 0.2 A cm−2 between
100 KHz and 50 mHz.
7.4 Results and Discussions
7.4.1 Morphology and structure of defect-rich 1T-2H MoS2
As depicted in Figure 69a, a conventional PGM-free electrode for the HER in a PEMEC
is commonly fabricated by the spray coating of ionomer-mixed catalyst ink onto the 3D
porous media such as CFP substrate. In this electrode, large MoS2 assemblies and a certain
quantity of Nafion binders are mixed together to form a non-uniform catalyst layer on the
CFP substrate. Thus, the required TPB sites for the HER are insufficient due to the difficult
accessibility of active MoS2 edges. Furthermore, the whole electrode usually suffers from
poor electrical conductivity, leading to large ohmic losses and low efficiencies of hydrogen
production in a PEMEC. To this end, as illustrated in Figure 69b, we design and synthesize
novel MoS2 ultrathin nanosheets in-situ grown on CFP with desirable phase composition,
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Figure 69. Schematic illustration of PGM-free electrode designs for the HER in a
PEMEC. (a) A conventional electrode with spray coated high-loading MoS2 powders
mixed with ionomer. (b) Ionomer-free electrode with in-situ grown ultralow-loading
and defect-rich 1T-2H MoS2 nanosheets.
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defects and morphology via a one-step hydrothermal method, forming the defect-rich 1T2H MoS2NS/CFP integrated electrode for both liquid and solid electrolyte-based water
electrolyzers. Sodium molybdate dihydrate (Na2MoO4·2H2O) as the Mo source,
thioacetamide (C2H5NS) as the S source and water as the only solvent in the synthesis of
mixed 1T-2H MoS2 nanosheets onto the CFP substrate, without requirement of any
additive, pH adjuster and stabilizer. Based on the literatures, Mo (IV) species play a
dominant role in the formation of 1T-phase MoS2 under hydrothermal or solvothermal
conditions.265-266 The proposed formation mechanism of 1T-2H MoS2 nanosheets is as
follows. Initially, Mo (VI) species are reduced to Mo (IV), which usually appears in an
octahedral coordination in [MoO6]. Subsequently, the sulfurization proceeds by
replacement of O2- ligands in the [MoO6], resulting the 1T-phase MoS2 with the retained
octahedral coordination structure. With the prolonged reaction time, the consumption of
the CS(NH2)2 leads to the reduced Mo (IV) species, which allows the formation of the 2Hphase MoS2. Finally, the integration of 1T and 2H phases is in-situ grown on the CFP. The
defects within 1T-2H MoS2 nanosheets are formed during the synthesis because of the
excess thiourea, which can restrict the oriented crystal growth via adsorption on the surface
of MoS2 primary nanocrystals to some extent.267
Within such integrated electrode, the catalytic activity and durability of MoS2 catalysts are
expected to be boosted because of the following unique merits: First, the improvement of
charge transfer from substrate to catalytic sites and electrode durability could be achieved
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by eliminating the contact resistance and increasing the adhesion between catalysts and
underlying substrate via in-situ growth strategy. Second, MoS2 catalysts with integrated 1T
and 2H phases could further combine the high electricial conductivity of 1T phase and
excellent structural stability of 2H phase, thereby leading to enhanced conductivity and
activation of MoS2 catalyst layers. Third, ultrathin nanosheets are enriched with various
defects such as exposed edge sites, basal-plane pinholes and atomic vacancies, which can
offer a large number of active sites due to their favorable free hydrogen adsorption
energy.66, 77, 268
The CFP substrate is composed of individual carbon fibers with relatively smooth surfaces,
as shown in Figure 70a. The high-resolution SEM images in Figure 70b and Figure 70c
indicate the successful growth of numerous vertically aligned nanosheets on the CFP
substrate with a large quantity of exposed edge sites. The SEM-EDX mapping images in
Figure 70d-e verify the homogenous elemental distribution of S and Mo in the integrated
electrode. By comparison, the SEM images in Figure 76 (in appendix 7.6) show that
conventional spray coated MoS2 assemblies/CFP are composed of large assemblies on the
CFP with Nafion ionomer binders, and the ionomer mixed catalyst layer is not uniform
across the entire electrode. The non-uniformity and large assemblies of the MoS2 catalyst
layer on the CFP would give rise to a poor interfacial contact between catalyst layer and
solid PEM electrolyte, thereby resulting in insufficient TPB sites for reactions and large
ohmic losses in a PEMEC.
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Figure 70. (a) SEM image of CFP. (b, c, d) typical SEM images of defect-rich 1T-2H
MoS2NS/CFP, and SEM-EDX mapping images of (e) S and (f) Mo, respectively.
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To better visualize the nanostructure of MoS2 nanosheets, the HAADF-STEM
characterizations were carried out. As seen from Figure 71a-c, highly distorted edges such
as folds, sharp vertices and propagating ridges are all identified within different MoS2
nanosheets. The lateral size of nanosheets is estimated to be 50 ~ 100 nm. The calculated
thickness of the whole nanosheets is about 3.9 ~ 5.2 nm, corresponding to 6 ~ 8 layers of
MoS2. To further scrutinize the structure of MoS2 basal planes at nanoscale, the areas both
near the edges and on the basal plane are highlighted in Figure 71d-f. Interestingly, it is
found that nanoscale pinholes (1~2 nm) and atomic vacancies co-exist on the basal plane,
as marked by yellow and red dash lines. Furthermore, as seen from Figure 71e and Figure
71f, the edges of nanosheets with a few clear steps in the flat area indicate that edges of
MoS2 nanosheets are mainly composed of 1~3 layers. It is noted that the presence of bilayer
MoS2 is also verified, as marked by a purple dash line in Figure 71f.
7.4.2 Phases and chemical states of defect-rich 1T-2H MoS2
The XPS was performed to analyze the surface chemistry and phase composition of defectrich 1T-2H MoS2/CFP integrated electrode. The full survey in Figure 77 shows the overall
surface composition of Mo, S, O, C and a small amount of N. As seen from the highresolution XPS spectra of Mo 3d+S 2s in Figure 72a, the Mo 3d, which overlaps with S
2s, shows several features. One Mo 3d doublet is assigned to the “1T”, and a second Mo
doublet is assigned to “2H”. These results are well consistent with the literatures.269-271
Along with them, two Mo satellites belonging to the “1T” and “2H” configurations and
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Figure 71. HAADF-STEM images of defect-rich 1T-2H MoS2NS/CFP, confirming the
co-existence of edges, pinholes & atomic vacancies.
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Figure 72. High-resolution XPS spectra of defect-rich 1T-2H MoS2NS/CFP. (a) Mo
3d+S 2s, (b) S 2p, (c) C 1s and (d) Mo 3p+N 1s, respectively.
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two S 2s peaks are also observed. Based on the calculation from the peak fit for highresolution spectra of Mo 3d, the 1T/2H phase ratio is determined to be 1.56, indicating that
1T phase is predominant in MoS2 nanosheets. In Figure 72b, the high-resolution XPS
spectra of S 2p show two doublets. One is assigned to S-Mo and the other is assigned to SC bonding. The presence of S-C bonding verifies the in-situ growth of MoS2 onto CFP
instead of physical deposition or coating. This strong chemical bonding between MoS2 and
CFP support ensures good electrode durability during long-term operation in practical
water electrolyzers. Additional evidence of C-S bonding in Figure 72c also indicates the
existence of chemical bonding between catalyst and CFP. The high-resolution of C 1s
shows the presence of both C-C bonding and C-S bonding. Interestingly, the highresolution XPS spectra of Mo 3p3/2 + N 1s in Figure 72d displays the nitride species at
399.6 eV and protonated N at 401.6 eV. Raman spectroscopy was utilized to further
confirm the phase composition of MoS2 in defect-rich 1T-2H MoS2/CFP integrated
electrode. As seen from Figure 78. the distinct peak at 150 cm-1 is likely attributed to a
plasma line from the laser and the J1 mode of 1T phase might be buried under. The distinct
phonon modes at 218 cm-1 (J2) and 327 cm-1 (J3) can be assigned to the 1T super lattice
structure. The broadening of 407 cm-1 (A1g) and 376 cm-1 (E12g) modes are mainly
attributed to the 2H phase of MoS2. Therefore, ultrathin MoS2 nanosheets in the integrated
electrode are composed of both 1T and 2H phases.
The above SEM, HAADF-STEM, XPS and Raman characterizations collectively reveal
that 1T-2H MoS2 nanosheets with rich defects such as exposed highly distorted edges,
basal-plane pinholes and atomic vacancies are successfully in-situ grown on CFP substrate,
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with strong chemical coupling between catalyst layer and conductive substrate. We
hypothesize that the synergistic effects from rich defects, integration of 1T-2H phase and
ultrathin nanosheets chemically bonded onto CFP would activate conventional “inert” 2HMoS2 basal planes with additional more catalytically active sites and meanwhile enhance
both internal and interfacial electronic conductivity between MoS2 catalyst layer and the
substrate.268 Therefore, both catalytic activity and durability of the integrated electrode are
boosted for HER application in practical acidic water electrolyzers.
7.4.3 Catalytic performance in liquid electrolyte
To validate our hypothesis, ex-situ electrochemical characterizations of defect-rich 1T-2H
MoS2/CFP integrated electrode and spray coated MoS2 assemblies/CFP were conducted in
0.5M H2SO4 at room temperature. The MoS2 catalyst loading in the integrated electrode is
0.14 mg/cm2. As shown in Figure 73a and Figure 73b, the integrated electrode exhibits
an extremely low overpotential of 192 mV and small Tafel slope of 44 mV/dec,
outperforming MoS2 assemblies/CFP and most previous results of MoS2-based catalysts in
the literatures. As seen from the Nyquist plots in Figure 73c, the EIS analysis at various
overpotentials displays similar impedance properties at each overpotential, suggesting that
similar electrochemical processes occur at all overpotentials tested between 180 and 260
mV. By calculation, the defect-rich 1T-2H MoS2/CFP shows very low charge transfer
resistances of 3.679, 1.897, 1.145, 0.657 and 0.263 Ω at overpotentials of 180, 200, 220,
240 and 260 mV, respectively, indicating the ultrafast Faradaic process and a superior
kinetics for HER. The measured small transfer resistances can be attributed to the
synergetic effects of the integrated electrode, in which the intimate contact between MoS2
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Figure 73. (a) Polarization curves of defect-rich 1T-2H MoS2NS/CFP and MoS2
assemblies/CFP. (b) Corresponding Tafel plots. (c) Nyquist plots of defect-rich 1T-2H
MoS2NS/CFP at various overpotentials. (d) Electrode stability test of defect-rich 1T2H MoS2NS/CFP at 10 mA/cm2 for over 38 h.
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and CFP ensures fast electron transport from CFP substrate to both MoS2 edge sites and
activated basal planes with more defects as active sites for HER. To study the electrode
durability during long-term operation, the 38-hr electrochemical stability test at 10 mA/cm2
was performed. As seen from Figure 73d, gradual activation may proceed in the first 20
hours and then the overpotential keeps stable for the rest of test.272 No obvious catalyst or
electrode degradation is observed in liquid acidic electrolyte, indicating high electrode
durability in long-term operation.
7.4.4 Full cell characterizaiton in PEMECs
Figure 74a shows the in-situ cell performance comparison of defect-rich 1T-2H
MoS2NS/CFP and MoS2 assemblies/CFP in a PEMEC. By comparison, at 2000 mA/cm2,
defect-rich 1T-2H MoS2NS/CFP with an ultralow loading of 0.14 mg/cm2 demonstrates a
much lower cell voltage of 2.25 V than that of MoS2 assemblies/CFP (2.38 V). As seen
from the HFR curves in Figure 79, the average of HFR value of defect-rich 1T-2H
MoS2NS/CFP is about 187 mOhm*cm2, which is smaller than MoS2 assemblies /CFP HFR
(217 mOhm*cm2), indicating the ohmic losses can be greatly reduced with defect-rich 1T2H MoS2NS/CFP electrode in a PEMEC. The HFR-free polarization curves in Figure 74b
further identify that the activation losses of defect-rich 1T-2H MoS2NS/CFP electrode is
significantly lower than MoS2 assemblies/CFP, as evidenced by the cell voltage decrease
of 100 mV at 1000 mA/cm2. These results validate that defect-rich 1T-2H MoS2NS/CFP
possesses greatly maximized TPB sites and improved electrical conductivity compared to
conventional spray coated electrodes. By calculation of mass activities at HFR-free cell
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Figure 74. (a) Polarization curves of defect-rich 1T-2H MoS2NS/CFP and MoS2
assemblies/CFP in a PEMEC at 80 °C. (b) HFR-free polarization curves. (c) Mass
activity comparison at the HFR-free cell voltage of 1.75 V. (d) Comparison of
achievable current densities under the same applied cell voltage of 2.0 V and working
temperature of 80 °C between this study and previously reported non-precious
cathode catalysts with different loadings in a PEMEC.
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voltage of 1.75 V, it is found that the mass activity of defect-rich 1T-2H MoS2NS/CFP is
as high as 5.871 A/mg, which is over 44.8 times higher than that of a conventional spray
coated electrode. Figure 74d shows the comparison of achievable current densities under
the same applied cell voltage of 2.0 V and working temperature of 80 °C between this study
and previously reported PGM-free cathode catalysts with different catalyst loadings in
PEMECs. It is clearly seen that our defect-rich 1T-2H MoS2/CFP electrode can afford a
significantly higher current density of 1.13 A/cm2 at the applied cell voltage of 2.0 V than
all previous studies in the literatures.78-81, 273 For instance, up to date, Holzapfel et al.
reported the best cell performance of 3 mg/cm2 Mo3S13-NCNTs catalysts for the HER in a
PEMEC, achieving a cell voltage of ~ 2.3 V at 2 A/cm2 at 80 oC with Nafion115
membrane.[35] More importantly, our study shows that about 20~40 times lower loadings
of nonprecious catalysts compared to previous publications can be achieved by using
defect-rich 1T-2H MoS2NS/CFP integrated electrode.
Figure 75 shows the in-situ cell performance characterizations of defect-rich 1T-2H
MoS2/CFP as cathode in PEMECs tested under three typical working temperatures of 60,
80 and 90 °C. As a result, with an ultralow MoS2 loading of 0.14 mg/cm2, the obtained
integrated electrode can afford high current densities of 1 A/cm2 under 60, 80, and 90 °C
by applying low cell voltages of 2.04, 1.96 and 1.91 V, respectively. Even at a higher
current density of 2 A/cm2, the applied cell voltages are only about 2.39, 2.25 and 2.19 V,
respectively. These results demonstrate that defect-rich 1T-2H MoS2NS/CFP can be
directly applied as an efficient integrated cathode in PEMECs under the temperature range
of 60~90 °C.
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Figure 75. In-situ cell performances of defect-rich 1T-2H MoS2NS/CFP in a PEMEC
under working temperatures of 60, 80 and 90 °C.
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7.5 Conclusion
In summary, we report a scalable approach to create rich defects and 1T-2H hetero-phase
into MoS2 nanosheets, which were in-situ vertically grown onto the conductive CFP for
the first time. The Raman and XPS characterizations verified the co-existence of 1T and
2H phases in the MoS2 nanosheets. The 1T phase is dominant and more conductive than
2H phase in nature. The HAADF-STEM images further elucidate the rich defects of atomic
vacancies, nanoscale pinholes and distorted edges were formed within ultrathin MoS2
nanosheets. Impressively, this integrated electrode with an ultralow MoS2 loading of 0.14
mg/cm2 can achieve small cell voltages of 1.96 and 2.25 V under 1 and 2 A/cm2,
respectively, in a practical PEMEC, superior to almost all cell performances of nonprecious HER catalysts even with extremely high loadings of 3~6 mg/cm2 under the similar
cell operation conditions. This work builds up a bridge to connect catalyst optimization to
electrode fabrication, and offers a new opportunity to concurrently enhance the intrinsic
catalytic activity, whole electrode conductivity and electrochemical stability for hydrogen
production under high current densities in practical water electrolyzers.
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7.6 Appendix
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Figure 76. Typical SEM images of spray coated MoS2 assemblies/CFP electrode.
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Figure 77. XPS full survey of defect-rich 1T-2H MoS2NS/CFP electrode.
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Figure 78. Raman spectrum of defect-rich 1T-2H MoS2NS/CFP electrode.
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Figure 79. HFR curves of defect-rich 1T-2H MoS2NS/CFP and MoS2 assemblies/CFP
electrodes.
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CHAPTER EIGHT
ENGINEERED THIN DIFFUSION LAYERS FOR ANION
EXCHANGE MEMBRANE ELECTROLYZER CELLS WITH
OUTSTANDING PERFORMANCE
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8.1 Abstract
Anion exchange membrane electrolyzer cells (AEMECs) are one of the most promising
technologies for carbon-neutral hydrogen production. Over the past few years, the
performance and durability of AEMECs have substantially improved. Herein, we report an
engineered liquid/gas diffusion layer (LGDL) with tunable pore morphologies that enables
high performance of AEMECs. The comparison with a commercial titanium foam in
electrolyzer indicated that the engineered LGDL with thin-flat and straight-pore structures
significantly improved the interfacial contacts, mass transport and activation of more
reaction sites, leading to outstanding performance. We obtained a current density of 2.0
A/cm2 at 1.80 V with an efficiency of up to 81.9% at 60 °C under 0.1 M NaOH-fed
conditions. The as-achieved high performance in this study provides insight to design
advanced LGDLs for the production of low-cost and high-efficiency AEMECs.
8.2 Introduction
Energy crisis and environmental pollution are two major issues in the development of
human society. Hydrogen (H2), with the merits of its highest energy density (~120 kJ/g) as
well as zero emissions of CO2 or other greenhouse and toxic gases, is considered as one of
the most ideal alternative energy storage and carrier materials to fossil fuels.1, 3, 274 Water
electrolysis, driven by electricity from the regenerative and clean energy source, such as
wind, hydroelectric, solar, geothermal, etc., is a promising pathway for high-purity H2
production.275-283 Until now, many research efforts have been devoted to water electrolysis,
especially for operation at a low temperature with either concentrated alkaline electrolytes
or solid polymer electrolytes (SPEs).284-287
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The industrial application of water electrolysis for H2 and O2 production with the
circulating aqueous alkaline solutions was boosted at the beginning of the 20th century and
persisting to this day.288 Though this configuration enabled the application of non-precious
metal-based catalysts for water splitting to save the cost, its distinct disadvantages of low
current densities, limited ability to operate at low loads, the requirement of high electrolyte
concentrations, and the inability to operate at high pressure limit its application fields and
scales.289-290 Moreover, the formation of K2CO3 (or Na2CO3) due to the sensitivity of KOH
(or NaOH) to CO2 under the environmental atmospheres in the open system limits a longterm operation and causes the additional cost on the electrolytes.291-292 Development of
SPEs to replace the liquid counterpart was aimed to resolve the issues caused by the
circulation of liquid electrolytes. In the middle of the 1960s, General Electric first
discovered the Nafion membrane to afford electricity for Gemini Space Program, which
enabled development of proton exchange membrane (PEM) water electrolyzer cell
(PEMEC).293 The utilization of SPEs in electrolyzer cells allows a compact system design
with a resistant and durable structure compared to traditional alkaline water electrolysis
technologies.294 However, the noble metal-based catalysts’ utilization and expensive acidtolerant hardware resulted in the high capital cost of the cell stack.295
Recently, an anion exchange membrane (AEM) electrolyzer cell (AEMEC) has received
significant attention with break-through accomplishments.296-302 The utilization of AEM
offers the benefits of both PEM electrolysis and traditional concentrated-solution
electrolysis with circulating liquid electrolyte. In addition, hydrocarbon membranes used
in AEMECs are low-cost compared to the perfluorinated membranes in PEMECs.296, 303220
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As shown in Figure 80a, an AEMEC mainly consists of two electrodes of the cathode

and the anode separated by the AEM. A typical electrode is composed of a catalyst layer
(CL) and a liquid/gas diffusion layer (LGDL), where the LGDL is the key component
sandwiched between the CL and the bipolar plate.310 The LGDL plays a critical role in the
conductivity of electrons and heat as well as the transport of reactants/products at reaction
sites during the cell operation. To achieve high activation and minimal fluidic, ohmic,
thermal, and interfacial losses, the LGDL should provide the simultaneous liquid/gas
permeabilities, electrical and thermal conductivities, and outstanding mechanical and
interfacial properties.311-314 In order to meet these requirements, the current conventional
LGDL with the configuration of felts, meshes, and foams are mainly manufactured from
titanium materials with high-corrosion resistance. And these conventional LGDLs reach a
large thickness of >200 µm. More importantly, the control of water/electron/thermal
distribution is hindered by their random pore shapes and structures, leading to large
interfacial contact resistances.
Generally, the above drawbacks of conventional LGDLs are involved in all SPE devices,
including PEMECs and AEMECs. To counteract this impact in PEMEC, our group
developed a novel thin LGDL with well-tunable pore morphologies fabricated by
micro/nanomanufacturing (Figure 80a). The thin LGDL, particularly performed well with
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Figure 80. Schematic of: (a) low-temperature AEMEC incorporated with
conventional LGDL (c) and TTLGDL (d); (b) water transport at the anode of
AEMECs.
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thin-layer (180-nm-thick) of Au coating, which resulted in ~ 50 mV performance benefit
at 2.0 A/cm2 by reducing the ohmic resistance.311-312 Therefore, it is of great interest how
this thin LGDL performs in AEMEC. Unreacted water is further transported to PEM to
hydrate the membrane. In AEMEC, the water transport is more complex than PEMEC as
water is generated in the anode (4OH- → 2H2O + O2 + 4e-) as well as consumed in the
cathode (4H2O + 4e- → 2H2 + 4OH-). Because of the complexity of water transport, the
performance of AEMEC is in general more sensitive to water transport and anode LGDL
may play a more significant role (Figure 80b).
Herein, we investigate the LGDL effect on AEMFC performance using our engineered
thin/tunable LGDL (TTLGDL). The in-situ performance evaluation with TTLGDLs in
AEMECs was performed with the membrane electrode assembly (MEA) fabricated by a
method of the catalyst-coated substrate (CCS), and the test results were compared with a
commercial LGDL of titanium foam in both 0.1 M NaOH and deionized water. This work
brings a new insight into the design of LGDLs for cost-effective and high-efficiency
AEMECs.
8.3 Experimental Section
8.3.1 Ex-situ characterization
Scanning electron microscopy (SEM) was used to characterize the surface morphologies
of bare thin/tunable liquid/gas diffusion layer (TTLGDL) and conventional Ti foam, which
were captured on a field emission JEOL JSM-6320F SEM and a Hitachi S4800 SEM with
a cold field emission gun, respectively.
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8.3.2 Electrode preparation
The TTLGDLs are fabricated from titanium thin foils by micro-fabrications, including
lithography and mask-patterned chemical wet etching method. Their detailed
manufacturing processes could be referred from our previous publications.312, 315
The surface-coated TTLGDL (SC-TTLGDL) was fabricated by gold electroplating.
Briefly, the washed pristine sample was conducted the electro-cleaning in 4 wt. % KOH
aqueous solution (60 °C) at the cathodic current density of 17 mA/cm2 for 1 min. After
electro-cleaning and rinsing, the surface of the sample being plated should be totally
hydrophilic with no water beads or breaks. Then the as-cleaned sample was immersed in
the TriVal Acid Gold Strike solution (room temperature) at the cathodic current density of
17 mA/cm2 for 40 seconds. The gold striking thickness is around 15 nm, and the TriValtreated sample surface should have a very faint yellow tint. The Gold-striking sample was
soaked into the 24K Bright Gold Bath solution (38 °C) at the cathodic current density of
about 8 mA/cm2 for the time indicated on the plating calculator. After plating rinse
completely in DI water to remove any plating solution residue. The current in each step
was controlled by a potentiostat (VSP, Bio-Logic). The thickness of the gold layer was
estimated by weighing the mass difference between pre and post electroplating with a semimicro balance (Secura125-1S, 120g × 0.01 mg, Sartorius).
Hexamethyl trimethyl ammonium functionalized Diels-Alder polyphenylene (HTMADAPP) membrane was used in this work. We chose the Diels-Alder polyphenylene
backbone as the aryl ether-free backbone provides high alkaline stability and mechanical
robustness.316 Hexamethyl ammonium groups provides the highest alkaline stability.317
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The membrane fabrication can be found in the previous publication.318 The thickness of
the membrane is around 50 µm. Before the test, the membrane was immersed in 1.0 M
NaOH solution to convert to hydroxide form. For the ionomeric binders, alkyl ammonium
tethered poly(fluorene)s (FLN-55, 2.5 meq/g ion exchange capacity) was used.319
IrO2 and PtRu/C (Pt 50 wt. %; Ru 25 wt. %) catalysts were purchased from Alfa Aesar.
The catalysts were mixed with FLN-55 ionomer in a water/isopropanol dispersion. For the
anode, IrO2 ink (catalyst/ionomer ratio in weight: 100/15) was painted onto a bare
TTLGDL or a gold electroplated TTLGDL (SC-TTLGDL) or a commercial platinized
titanium foam provided from Giner Labs (SC-Ti foam) to make the ~4 mgIrO2/cm2 loading
gas diffusion electrode (GDE) in a geometric area of 5 cm2. For the cathode, PtRu/C ink
(catalyst/ionomer ratio in weight: 4/1) was painted onto a carbon GDL (SGL 29 BC) to
make the ~ 2 mgPt/cm2 loading GDE. All the electrode loadings were calculated based on
the geometric area, which is the same as the active area of cell in a size of 5 cm2. The detail
description of the as-tested LGDLs is listed in Table 7.
8.3.3 Test system and in-situ characterizations
The end plates and graphite bipolar plate for the cathode were supplied by Fuel Cell
Technologies. The platinum-coated titanium bipolar plate with serpentine flow fields for
the anode was supplied by Giner, Inc. The GDEs, HTMA-DAPP membrane, and Teflon
gaskets were assembled into a single cell with 60 inch-pounds torque. The cell testing was
controlled by a Biologic SP-200 potentiostat in combination with an HCV-3048 30 A/48
V power booster. The cell was first cycled between 1.3 V and 2.0 V at 20 mV/s while
flowing 0.1 M NaOH solution on both the anode and cathode at 60 °C until the polarization
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Table 7. Parameters of the compared LGDL samples in AEMECs.
Sample

Pore size
[µm]

Bare
TTLGDL

300±10

SCTTLGDL

300±10

SC-Ti
foam

~20

Pore pattern
Square and
straight-through
pore
Square and
straight-through
pore
Random
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Porosity

Thickness
[µm]

Surface
treatment

40%

50±2

--

40%

50±2

30~50%

~260

~80-nmthick gold
layer
Platinum
coating
layer

curves became stable. The alkaline solution was purged by flowing approximately 500 ml
of Milli-Q water. Then the polarization curve was recorded between 1.3 and 2.0 V at 20
mV/s while flowing Milli-Q water at 60 °C. The high-frequency resistance was measured
at 105 Hz at 1.40 V.
8.4 Results and Discussions
The morphological features of the commercial titanium foam LGDL and the proposed
TTLGDL in top and cross-section views were characterized by the SEM (Figure 81). The
pore morphologies and surface structures between commercial titanium foam and
TTLGDL were observed to be different. As shown in Figure 81a, it is observed that
random pore shapes are unevenly distributed in the commercial titanium foam from inner
to outer. The inset by enlarging Figure 81a presents the surface platinum coating layer
composed of several continuous light dots. The average pore size in the commercial
titanium foam is less than 30 µm. The TTLGDL was manufactured by chemical wetetching on thin titanium foil,312 and the morphological features of the thickness, pore size,
pore shape, and pore arrangement could be well-controlled. Based on our previous
experiences, we selected a TTLGDL in porosity of 40% and pore size of 300 µm as the
investigated substrate material in comparison to commercial LGDL,279 as shown in Figure
81b. The thickness of TTLGDL with a flat surface is 50 µm, almost 4-fold thinner than the
commercial titanium foam, which could effectively save the weight and volume if applied
in the AEM electrolyzer stacks (Figure 80c and Figure 80d).
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Figure 81. SEM images of (a) top view of commercial platinized titanium foam and
the corresponding enlarged image (inset), (b) top view of TTLGDL, (c) cross-section
view of commercial platinized titanium foam and (d) TTLGDL.
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To evaluate the cell performances of the TTLGDL and commercial titanium foam in
AEMECs, all samples listed in Table 7 were measured in a standard cell with an active
area of 5 cm2. The IrO2-coated commercial titanium foam and TTLGDLs were used as the
anode for oxygen evolution reaction (OER), while the cathode electrode was fabricated by
painting PtRu/C (Pt 50 wt. %; Ru 25 wt. %) onto the Sigracet 29 BC carbon fiber paper in
AEMEC tests. Based on the previous report that the thin layer of gold can reduce ohmic
resistance by ~25 mΩ cm2, we further coated TTLGDL with 80-nm-thick gold layer for
improving the interfacial contact.311 The performances of AEMECs using bare TTLGDL,
surface coated TTLGDL (SC-TTLGDL), and SC-Ti foam as the substrate of the electrodes
were compared with 0.1 M NaOH aqueous solutions at 60 °C. Figure 82a shows the cell
performance at lower current density region ranged from 0 to 0.4 A/cm2. At the cell voltage
of 1.3 V, the sequence of corresponding current densities for these three samples is SCTTLGDL > bare TTLGDL > SC-Ti foam. Specifically, at the lower current density of 50
mA/cm2, the cell voltages of the bare TTLGDL and SC-TTLGDL are 1.43 V and 1.37 V,
respectively, which are 20-mV and 80-mV lower than that of the cell employing
conventional SC-Ti foam. These results indicate that the initial performance of bare or
surface coated TTLGDLs is better than that of the commercial SC-Ti foam.
As shown in Figure 82b, at a current density of 2 A/cm2, the cell voltage of bare TTLGDL
is 1.88 V, which is the same as the SC-Ti foam. While the current density is larger than 2
A/cm2, it could be observed that the curve of bare TTLGDL (green square) is below that
of SC-Ti foam (black triangle). This cell performance difference could be attributed to the

229

Figure 82. Performance comparisons of bare TTLGDL, SC-TTLGDL, and
commercial SC-Ti foam in AEMECs operated with 0.1 M NaOH solutions: (a) low
current density range from 0 to 0.4 A/cm2, (b) voltage range from 1.3 to 2.0 V.
Performance comparisons of SC-TTLGDL and commercial SC-Ti foam in deionized
water-fed AEMEC: (c) low current density range from 0 to 0.4 A/cm2, (d) current
density range from 0 to 1.2 A/cm2.
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improvement of mass diffusion from TTLGDL at a large current density region. To exclude
the influence of electrical conductivity increases on performance enhancement due to the
surface treatments, we conducted the SC-TTLGDL to the AEMEC performance test. It
could be found that a low cell voltage of 1.80 V is achieved at 2 A/cm2, which is 80-mVenhanced compared to that of the SC-Ti foam. The result confirmed that the significant
performance improvement is ascribed to better reactant and product transports through
TTLGDL. As the current density increases, the performance at a cell voltage of 2 V of
MEA with SC-TTLGDL is 3.24 A/cm2, which is 1.28 times as large as the one on SC-Ti
foam. The performance reported here with SC-TTLGDL is superior to the most recent
reports in AEMEC with the noble metal-based electrodes in alkaline solution as compared
in Table 8.285, 296, 305, 320-332
The AEMEC performance of the cell using the surface-coated TTLGDL was also evaluated
with deionized water circulation. As shown in Figure 82c, the SC-TTLGDL at 50 mA/cm2
could acquire a cell voltage of 1.39 V, about 100 mV lower than the one tested with the
SC-Ti foam (1.49 V). Herein, we used the commercial catalyst and applied the same total
loading here. Thus, the influence of the catalyst on the active sites could be neglected. And
for the polarization curve at a low current density, the effect of mass diffusion could be
very limited and the cell potential difference between SC-TTLGDL and SC-Ti foam might
be ascribed to the reaction site changes. Figure 82d shows the cell voltage of SC-TTLGDL
is 1.79 V at 1 A/cm2, which is 40 mV lower than the one of SC-Ti foam. As far as we know
(listed in Table 9),296, 319, 327, 329, 333-337 the performance of catalyst-coated SC-TTLGDL is
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the best-reported for deionized water-fed AEMEC at the operating temperature of 60 °C,
which is comparable to that of PEMECs.338
The cell efficiency is a critical index to evaluate an electrolyzer cell. Based on the
calculation of the cell efficiency provided in the Appendix, under 60 °C, the cell with SCTTLGDL exhibits a remarkably high cell efficiency of 81.9% in 0.1 M NaOH even at 2.0
A/cm2, and 88.8% at 1.0 A/cm2. Moreover, even with the DI water supply, it also achieved
a remarkably high efficiency of 82.3% at 1.0 A/cm2. Additionally, the stability
performance of the AEMEC applied with TTLGDL was measured at a fixing current
density of 200 mA/cm2 for 24 hours at 60 ºC. As shown in Figure 84 (in appendix 8.6),
the cell voltage is almost stabilized in the first 8 hours and then it is increased by about 100
mV. The AEMEC performance degradation is mainly ascribed to the bad durability of the
membrane. Moreover, the most critical technical challenge for AEMEC durability in a
commercially viable system is severely limited by the development of the anion exchange
membranes and ionomers, as claimed in our previous research.298
We further investigate the impact of GDL on kinetic performance using IR-free
polarization curves.279 Figure 83a shows the IR-free polarization with 0.1 M NaOH
solution. The shaded areas in Figure 83a represent the mass transport in the cells and the
separation of the kinetics lines and the polarization curves were marked,339 where the
impact of the mass transport on the cell voltage gradually shows up. For the SC-Ti foam,
the separation occurs around 0.3 A/cm2, and SC-TTLGDL does not exhibit a mass transport
issue until the current density raises up to 1.6 A/cm2, which indicates the employment of
SC-TTLGDL enhanced the mass transport in the cell.
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Figure 83. Comparison of whole-cell Tafel plots of AEMECs with (a) SC-TTLGDL
and SC-Ti foam operated in 0.1 M NaOH solutions, and (b) SC-TTLGDL operated
in 0.1 M NaOH and deionized water.
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Figure 83b compares the whole-cell Tafel plots of SC-TTLGDL in low concentration
alkaline solution (0.1 M NaOH) and deionized water. With identical whole cell setups, the
difference in the kinetics is resulted only from the anode OER kinetics. Due to the
complexity of the multi-step kinetics of OER, the Tafel slope shown in Figure 83b was
captured within the range of the same IR-free voltage window. As shown in Figure 83b,
for SC-TTLGDL, a faster kinetics is exhibited with the supply of low concentration
alkaline solution of 140.7 mV/dec around a voltage of 1.45 VIR-free. Moreover, the
postponed separation between the Tafel kinetics line and the polarization curve with
alkaline solution supply suggests that the mass transport issue is improved in the alkaline
environment, which is believed to be attributed from a higher concentration of OH− in the
solution at anode. Notably, for the linear parts (Tafel kinetics line) of the two tests, alkaline
solution always exhibits lower cell voltage, which indicates a smaller activation loss is also
achieved even with a low concentration.
8.5 Conclusion
In this study, we demonstrated the improved AEMEC performance using a surface coated
TTLGDL. High performance is critical but more importantly the performance
improvement over the commercial LGDL, because the high performance is also partly due
to the membrane and ionomer we used. The operating voltage achieved at 2.0 A/cm2
reached as low as 1.8 V (almost 100 mV reduction) with an efficiency up to 81.9% with
0.1 M NaOH at 60 °C. We also demonstrated the best-reported performance of 1 A/cm2 at
1.8 V in a deionized water-fed AEMEC. Both ex-situ and in-situ characterizations were
conducted to better understand the improvement in performance. Compared with the
234

performance of the MEA with the commercial titanium foam in the same preparation
method, the outstanding exhibition at a high current density (>2 A/cm2) certifies that the
TTLGDL significantly improves the interfacial contacts and mass transport, which can be
attributed to its well-tunable morphological features including straight-through pore
structure, uniform pore distribution, and controllable pore size, to achieve highly efficient
permeation. Meanwhile, the significantly improved performance at the low current density
could be accredited to activation of more reaction sites by TTLGDLs. Moreover, the
thickness decreases of LGDLs from over 260 µm to 50 µm notably reduces the weight,
volume, and cost of AEMEC stacks. The as-achieved successful demonstration in this
study opens new design LGDL perspectives for highly efficient AEMECs.
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8.6 Appendix
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Table 8. Performance comparison of AEMECs operated with an alkaline solution
between this work and other reported work in the literature.
Cell
Current
voltage density
[V]
[A/cm2]

Electrolyte
concertation

T
[°C]

References

0.1 M NaOH

60

This work

Anode

Cathode

IrO2,
TTLGDL
IrO2,
Ti foam

PtRu/C,
CFP
PtRu/C,
CFP

IrO2,
Ti foam

PtRu/C,
CFP

1.97

2

0.1 M NaOH

60

IrO2,
Ti GDL

Pt/C,
CFP

1.9

0.48

1.0 M KOH

60

IrO2,
SS GDL

Pt/C,
CFP

2.24

0.5

1.0 M KOH

50

IrO2,
CFP

Pt/C,
CFP

1.67

1.0

1.0 M KOH

60

IrO2,
Ni foam

Pt/C,
Ni foam
Pt/C,
Carbon
cloth
Pt/C,
Carbon
cloth

1.8

0.87

1.0 M KOH

50

1.7

0.469

1.0 M KOH
+ Seawater

50

1.8

0.99

1.0 M KOH

45

IrO2,
Ti felt
IrO2,
Ni foam

1.8

2.0

1.88

2.0

IrO2,
Ni foam

Pt/C,
CFP

1.96

2.0

1.0 M KOH

80

IrO2,
CFP

Pt/C,
CFP

1.63

1.0

1.0 M KOH

60

IrO2,
Ti PTL

Pt/C,
CFP

1.82

2.0

1.0 M KOH

60

IrO2,
Ni foam

Pt/C,
CFP

2.0

0.4

1.0 M KOH

50
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Table 8 continued
Cell
Current
voltage density
[V]
[A/cm2]

Electrolyte
concertation

T
[°C]

1.07

0.5 M KOH

50

1.8

1.2

1.0 M KOH

50

1.8

0.399

1.0 M KOH

50

Anode

Cathode

IrO2,
Ti paper

Pt/C,
CFP

1.8

IrO2,
Ni foam

Pt/C,
CFP

IrO2,
Ti foam

Pt/C,
CFP
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Table 9. Performance comparison of deionized water-fed AEMECs between this
work and other reported work in the literature.
Cell
voltage
[V]

Current
density
[A/cm2]

1.79

1.0

1.83

1.0

1.91

1.0

60

Pt/C,
CFP

2.0

0.42

70

Ir/C,
Ni foam

Pt/C,
CFP

1.85

1.0

80

IrO2,
Ni foam

Pt/C,
CFP

1.85

0.3

70

IrO2,
CFP

Pt/C,
CFP

2.41

0.4

50

IrO2,
Ni foam

Pt/C,
CFP

1.94

1.0

80

IrO2,
Ni foam

Pt/C,
CFP

2.0

0.1

50

IrO2,
Ti GDL

Pt/C,
Carbon GDL

2.0

0.07

50

Anode

Cathode

IrO2,
TTLGDL
IrO2,
Ti foam
IrO2,
Ti foam

PtRu/C,
CFP
PtRu/C,
CFP
PtRu/C,
CFP

IrO2,
Ti GDL
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Calculation of cell efficiency
The electrochemical performance of an AEMEC is composed of open circuit voltages,
activation overpotential, diffusion overpotential, and ohmic overpotential.342-343 The Gibbs
free energy, ∆𝐺𝐺 and the enthalpy, ∆𝐻𝐻 = ∆𝐺𝐺 + 𝑇𝑇∆𝑆𝑆 of the water splitting reaction are

calculated based on the thermodynamic data provided in the appendix of a previous
publication.344 The evaluation of a cell efficiency is given by the fraction of the
theoretically required voltage to the real total cell voltage. The involved formulas are listed
below.
According to Nernst’s equation, by assuming the activity of liquid water in the cell to be
1, the theoretical open circuit voltage is expressed as:343, 345-347
∆𝑮𝑮

𝑽𝑽𝑶𝑶𝑶𝑶𝑶𝑶 = 𝟐𝟐𝑭𝑭 =

∆𝑮𝑮𝟎𝟎
𝟐𝟐𝑭𝑭

𝑹𝑹𝑻𝑻

+ 𝟐𝟐𝑭𝑭 𝐥𝐥𝐥𝐥 �

𝜶𝜶𝑯𝑯𝟐𝟐 𝜶𝜶𝟎𝟎.𝟓𝟓
𝑶𝑶
𝜶𝜶𝑯𝑯𝟐𝟐 𝑶𝑶

𝟐𝟐

(3)

�

Where ∆𝐺𝐺 0 is the standard Gibbs free energy, 𝑅𝑅 is the ideal gas constant, which is 8.314
J/mol K, 𝑇𝑇 is the cell temperature, 𝐹𝐹 is the Faraday constant, which is 96485 C/mol, 𝛼𝛼𝑖𝑖 =

𝑃𝑃𝑖𝑖 /𝑃𝑃0 is the activity of an ideal gas (𝑃𝑃𝑖𝑖 is the partial pressure of species 𝑖𝑖, and 𝑃𝑃𝑜𝑜 is equal

to the standard atmosphere). By assuming the gas outlets are pure oxygen and hydrogen,
the partial pressures of oxygen and hydrogen would be equal to the operating pressure,
which is equal to the atmospheric pressure in our study.348 Hence, the second term in the
Equation (3) would be zero in its value. Moreover, by assuming an ideal thermoneutral
system, the theoretical voltage can be modified by replacing ∆𝐺𝐺 with ∆𝐻𝐻 .346,

349

The

′
modified theoretical voltage would be denoted as 𝑉𝑉𝑂𝑂𝐶𝐶𝑉𝑉
, and the cell efficiency, η, could be

expressed as in Equation (4).
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𝜼𝜼 =

𝑽𝑽′𝑶𝑶𝑶𝑶𝑶𝑶

(4)

𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

′
Where, Vcell is to the real cell voltage, and 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
= 1.47 𝑉𝑉 based on the calculation under

60 °C in the study. Notably, the efficiency calculated based on this method is allowed to
exceed 100%.350
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Figure 84. Stability test of TTLGDLs in AEM electrolyzer cells. Testing conditions:
200 mA/cm2, deionized water, 60 ℃.
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CHAPTER NINE
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS
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This dissertation contributes to the development of electrode designs for high-efficiency
and low-cost hydrogen production through water electrolyzers. The main achievements are
concluded below by summarizing the content of each chapter:
In chapter two, two conventional CCM fabrication methods (decal transfer and direct spray
deposition) have been systematically compared by ex-situ materials characterization and
in-situ performance evaluation in the PEMECs. The SprayCCM exhibits better cell
performance from 1.5 to 2 A cm−2 than DecalCCM, due to the significantly reduced ohmic
resistance and enhanced mass transport. Importantly, the effects of ionomer content in
anode CLs on cell performance with SprayCCMs have been well studied. It is found that
the cell performances of SprayCCMs can be significantly improved by simply optimizing
the Nafion ionomer content in anode CLs. The obtained best performance is 1.887 V at 2
A cm−2 at the typical working temperature of 80 °C under ambient pressure by using
optimal ionomer content of 10 wt.% in the anode CL, outperforming the cell performances
of a commercial CCM and other previous reports. This work provides the insights into the
optimization of CCM fabrication method and catalyst/ionomer ratio in anode CLs for cell
performance enhancement of the PEMECs.
In chapter three, Ir/Ti electrodes with two acid treatment methods (HCl and OA treatment)
of the Ti substrates were compared. OA treatment would not change surface morphology
significantly in the time range described in this research (5 to 30 min) at 90 °C, while the
HCl treatment would phenomenally change the surface morphology and creating pillar
structures on the surface. 15 min HCl treatment provided the most favorable pillar structure
with a dense pillar distribution and an optimum pillar length of ~1 µm. Both HCl and OA
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treatment methods would contribute to lower interfacial contact resistances (ICR)
comparing to the pristine Ti substrate surface. 20 min OA treatment provided the best ICR
reduction, and reduced the ICR to 5.5% of the pristine substrate and the 15-min HCl
treatment would improve the interfacial contact by reducing the ICR to 15.2% of the
pristine substrate, but the increase in surface roughness made HCl treated surface exhibit
~ 2.8 times the ICR of the 20 min OA treated surface. Then Ir/Ti electrodes for OER were
fabricated by electrodepositing Ir on both HCl and OA treated Ti substrates. For HCl
treated substrates, as the loading increased from 0.05 to 0.23 mgIr cm−2, the Ir would
gradually wrap the pillar structures and remained a surface with featured pillar structures.
As the Ir loading increased from 0.07 to 0.18 mgIr cm−2 on the OA treated substrates, the
catalyst layer would develop from a discontinuous surface to a continuous surface. As
characterized in a three-electrode system with 0.5 M H2SO4, a Ir/Ti electrode from HCl
treated substrates with 0.23 mgIr cm−2 exhibited a low overpotential of ~264 mV at a current
density of 10 mA cm−2, and ~283 mV with 0.05 mgIr cm−2. By comparing the double layer
capacitances Cdl of electrodes, electrodes with HCl treated substrates exhibited larger Cdl
than OA treated electrodes at all loadings. At ~ 0.20 mgIr cm−2, the electrode with HCl
treated substrate provided ~ 8.5 times the Cdl value of the OA treated electrode, which was
discovered to be resulted from its outstanding mass specific Cdl.
In chapter four, a set of catalyst-coated liquid/gas diffusion layers (CCLGDLs) with
different patterns and catalyst loadings were developed as anode electrodes in PEMECs
with a facile Ir electroplating process. First, the best-performing CCLGDL with 0.17 mgIr
cm−2 (saving ~94% Ir from conventional CCMs) exhibited a cell performance of 1.90 V at
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2 A cm−2 with N117 membrane at 80 °C. Moreover, a CCLGDL with an ultralow loading
of 0.08 mgIr cm−2 achieved a low cell voltage of 1.97 V at 2 A cm−2, saving ~97% Ir and
exhibiting ~24 times higher catalyst utilization at 1.7 V compared to conventional
commercial CCM/PTL design. The ionomer-free electrode design contributes to a low
ohmic loss. Second, a threshold thickness exists. In this study, exceeding a Ir thickness of
75 nm would not further enhance the CCLGDL performance. Third, the whole-cell Tafel
results of different CCLGDLs with the same Ir thickness unveil that the CCLGDL pattern
morphology impacts the reaction kinetics. Thus, for the first time, a special two-side
transparent cell was designed for the visualization of the anode in-situ reaction interface in
an operating cell. A high-speed camera would film the anode PEM/CCLGDL interface
through the membrane from the cathode side with the benefits of using CCLGDLs on both
anode and cathode. A gas accumulation and release phenomenon was captured beneath the
CCLGDL at the reaction interface. Fourth, the EIS results reveal that pattern morphology
would impact both the activation and diffusion losses in the cell, which is believed to be
related with the gas accumulation observed by the visualization system. Consequently, a
CCLGDL with a large land width (>150 µm) would suffer from significantly increased
diffusion loss, which would in turn undermine the process of catalyst activation. Fifth, the
high-frequency resistance (HFR) increases along with the current density. The gas
accumulation and release at the PEM/CCLGDL interface is believed to result in the HFR
increase. Sixth, a larger total pore edge length would help reduce the HFR increase by
facilitating the gas release at the PEM/CCLGDL interface. The understanding of the
CCLGDL pattern morphology's impact on cell performances would help contribute to
future electrode designs for PEMECs and other energy conversion devices. With on-going
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research of optimization, the concept of CCLGDL exhibits great potential for large-scale
application and boosting the commercialization of PEMECs. Last but not least, CCLGDL
itself can not only serve as an electrode design with vast potential but also as a promising
tool for the research of in-situ reaction interfaces in SPE devices.
In chapter five, we have developed a new high-efficiency electrode with significantly
reduced catalyst loadings for low-temperature PEM water electrolysis, by taking advantage
of an in-situ grown platinum nanowire catalyst layer coupled with a unique thin LGDL.
Electrochemical characterizations and visualizations reveal that the PtNW electrode
exhibits outstanding catalytic activities, electrode durability and favorable bubble
dynamics even at high current densities for HER in aqueous acidic electrolyte. To
demonstrate its practical application in the PEMEC with solid electrolyte of Nafion 115,
thin PtNW GDE with a low catalyst loading of only 0.2 mg cm−2 was integrated into the
PEMEC for the first time. A low cell voltage of 1.643 V and high cell efficiency of 90.08%
at 1000 mA cm−2 were achieved, superior to the state-of-the-art PEMEC performance with
high Pt loadings. The improved cell performance is mainly ascribed to the combination of
desirable structural and electrical properties, large active surface area of the PtNW catalyst
layer and greatly reduced ohmic losses from the thin LGDL. More importantly, our onestep room-temperature catalyst layer synthesis on thin LGDLs can greatly reduce the
electrode cost comparing to catalyst coating process (spraying/sputtering) for CCM or
other GDE fabrication methods (electroplating/sputtering). This novel electrode
architecture and fabrication approach coupled with green chemical synthesis and thin
LGDL design opens new pathways to develop high-efficiency electrodes with significantly
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improved catalyst utilization and reduced cost for next-generation electrochemical energy
storage/conversion systems.
In chapter six, the study developed an AIOBE for hydrogen production by integrating
catalyst layer (CL)/gas diffusion layer/bipolar plate/current distributor/gasket. The AIOBE
significantly reduced component quantity of PEMECs from 5 to 1, greatly lowered the
weight/volume/cost, simplified manufacturing processes and assembling difficulty in
industrial PEMEC applications. PEMECs with the AIOBE delivered a practical current
density 1.62 V at 1000 mA/cm2, and a high mass activity of 4.48 A/mgpt. Moreover, the
AIOBE had less ICRs and more electron/proton transport paths compared with
conventional PEMECs, providing an ultralow ohmic resistance, solving the problem of
electron/proton transporting, and providing a highly compact configuration in PEMECs.
Overall, this work provides a new concept for developing efficient and compact water
electrolyzer stacks, and AIOBE is also applicable to the development of other
electrochemical devices, such as fuel cell, N2 reduction, CO2 conversion, etc.
In chapter seven, we invetigated a scalable approach to create rich defects and 1T-2H
hetero-phase into MoS2 nanosheets,

which were in-situ vertically grown onto the

conductive CFP for the first time. The Raman and XPS characterizations verified the coexistence of 1T and 2H phases in the MoS2 nanosheets. The 1T phase is dominant and more
conductive than 2H phase in nature. The HAADF-STEM images further elucidate the rich
defects of atomic vacancies, nanoscale pinholes and distorted edges were formed within
ultrathin MoS2 nanosheets. Impressively, this integrated electrode with an ultralow MoS2
loading of 0.14 mg/cm2 can achieve small cell voltages of 1.96 and 2.25 V under 1 and 2
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A/cm2, respectively, in a practical PEMEC, superior to almost all cell performances of nonprecious HER catalysts even with extremely high loadings of 3~6 mg/cm2 under the similar
cell operation conditions. This work builds up a bridge to connect catalyst optimization to
electrode fabrication, and offers a new opportunity to concurrently enhance the intrinsic
catalytic activity, whole electrode conductivity and electrochemical stability for hydrogen
production under high current densities in practical water electrolyzers.
In chapter eight, we demonstrated the improved AEMEC performance using a surface
coated TTLGDL. High performance is critical but more importantly the performance
improvement over the commercial LGDL, because the high performance is also partly due
to the membrane and ionomer we used. The operating voltage achieved at 2.0 A/cm2
reached as low as 1.8 V (almost 100 mV reduction) with an efficiency up to 81.9% with
0.1 M NaOH at 60 °C. We also demonstrated the best-reported performance of 1 A/cm2 at
1.8 V in a deionized water-fed AEMEC. Both ex-situ and in-situ characterizations were
conducted to better understand the improvement in performance. Compared with the
performance of the MEA with the commercial titanium foam in the same preparation
method, the outstanding exhibition at a high current density (>2 A/cm2) certifies that the
TTLGDL significantly improves the interfacial contacts and mass transport, which can be
attributed to its well-tunable morphological features including straight-through pore
structure, uniform pore distribution, and controllable pore size, to achieve highly efficient
permeation. Meanwhile, the significantly improved performance at the low current density
could be accredited to activation of more reaction sites by TTLGDLs. Moreover, the
thickness decreases of LGDLs from over 260 µm to 50 µm notably reduces the weight,
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volume, and cost of AEMEC stacks. The as-achieved successful demonstration in this
study opens new design LGDL perspectives for highly efficient AEMECs.
The research in this dissertation claims a thorough direction of modifying the electrode
designs in electrolyzers for hydrogen production, where modifications about the CCMs,
surface treatment methods of electrode substrates, impacts of GDE/PEM interfaces,
fabrication/synthesis methods for CLs with featured nano-structures, and novel GDE
application extension in anion exchange membrane electrolyzers. As a matter of fact, the
modifications of the polymer electrolyte membrane itself is also a direction of improving
the efficiency of the cell. Nafion modification has been reported in fuel cell research for
performance enhancement.351-352 For electrolyzer research, plasma etching, electrospinning
of Nafion layer, etc.,353-354 have been reported to modify the membrane surface morphology
for performance enhancement. At present, relative research mainly focuses on the
conventional MEA design of depositing catalyst on surface modified membrane. However,
systematic research about how membrane surface architectures would impact the cell
performance with GDE design hasn’t been investigated. Continued research on GDE will
investigate the impact of the GDE/membrane interface on the system when both the GDE
and the membrane have unique architectures. As illustrated in Figure 85, a modification
to the PEM surface would be executed and the PEM with prints on the surface is fabricated.
Published research of such modified PEM surface would contribute in performance
enhancement for fuel cells where catalyst is directly applied on the surface of the modified
PEM. The enhancement is attributed to the increase of the reaction sites, which indicates a
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Figure 85 Schematic of fabricating PEM with prints.
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promising extension for this method into PEMECs with CCM design. Moreover,
comprehensive research in the true mechanisms of how these prints function in creating
more reaction sites is still veiled. GDE research with this modified PEM would induce
further insight of whether a diffusion of reactant or an increase in specific active area that
accounts for the improvement.
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